SQ 

r— I 

00 


tk 


V-»" 


AtO  IMp.l-C  W 

i^xn.s-c 


CHEMICAL  IONIZATION  HASS  SPECTROMETRY 


DONALD  F.  HUNT,  PROFESSOR  OF  CHEMISTRY 
PRINCIPAL  INVESTIGATOR 


c 


U.  S.  ARMY  RESEARCH  OFFICE 

RESEARCH  GRANT:  DAAG  29  -  76  -  G  -  0325 


UNIVERSITY  OF  VIRGINIA 


APPROVED  FOR  PUBLIC  RELEASE: 
DISTRIBUTION  UNLIMITED. 


80  2  25  043 


Unclassified 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (W\e  n  Data  Entered) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER 

2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOG  NUMBER 

4.  TITLE  (end  Subtitle) 

,  \ 

/  Chemical  Ionization  Mass  Soectrometry * 

V  * 

S.  TYPE  OF  REPORT  &  PERIOD  COVERED 

Final  Report 

9/14/79 

6.  P^tfTfcRMrfTJfORG.  REPORT  NUMBER 

7.  AuTHQar*) 

1  )  Donald  F.  |Hunt< _ Professor  of  Chem.^ 

Principal  Investigator 

TRACT  OR  GRANT  NUMBERf a) 

1  5/DAAc(j29- 76-G-03  263  <4* 

9-  performing  organization  name  and  address 

University  of  Virginia 

Charlottesville,  Virginia  22901 

10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  &  WORK  UNIT  NUMBERS 

II :  t  S  U  . 

11.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 

U.  A.  Army  Research  Office 

Post  Office  Box  12211  oiinq 

12.  REPORT  date 

January  30,1980 

13.  NUMBER  OF  PAGES 

14^.  MONITORING  AGENCY  NAME^  ADOftESSfl/  (afferent  from  Controlling  Olilce) 

f  )  p  |  r,  1j  /  r  ‘  pi1 1  1  3(X1  H, 

_ ' _ -«-p  1L _ 

IS.  SECURITY  CLASS,  (of  thle  report) 

Unclassified 

IS«.  DECLASSI  FI  CATION/ DOWNGRADING 

schedule  na 

16.  DISTRIBUTION  STATEMENT  (of  thlm  Rmporl)  ^  1  , 

H'>tiK0>AKd 

Approved  for  public  release;  distribution  unlimited 

17.  DISTRIBUTION  STATEMENT  (of  the  mbetract  entered  In  Block  20,  It  different  from  Report) 

NA 

18.  SUPPLEMENTARY  NOTES 

The  findings  in  this  report  are  not  to  be  construed  as  an  offi  : 
Department  of  the  Army  position,  unless  so  designated  by  other 
authorized  documents. 

19.  key  WORDS  (Continue  on  revetee  aide  If  neceeemry  and  Identify  by  block  number) 

Organic  trace  analysis.  Chemical  Ionization  Mass  Spectrometry 

! 

1 

20.  vtoSTR  ACT  fCoothtue  an  re  reroe  ft  naneaeaty  and  Identity  by  bio 

'Research  results  presented  in  this 
for  obtaining  mass  spectra  of  then 
generating  elemental  composition  d« 
mass  spectra,  for  counting  protons 
GC/MS  conditions,  and  for  the  dire( 
by  triple  quadrupole  mass  spectromt 
organics  under  electron  capture  net 
in  the  attomole  (10  mole)  range. 

ck  number) 

report  include  new  methodology 
nally  labile  organics,  for 
ata  from  low  resolution  GC/MS 
in  organic  samples  under 
;t  analysis  of  complex  mixtures 
atry.  Detection  limits  for 
jative  ion  MS  conditions  are 

h - — - - 

DO  , 


JAM  79 


M73  edition  or  *  mov  «*  it  omocete 


ial 


Unclassified 


,  1C SCCUIEITV  CLASSIFICATION  OF  THIS  PAGE  (Whmn  DM*  Bnttmd) 

la  >  H  th  .  .1  >'  f  I  u  n 


«ur 


STWTF^ENT  OF  THE  PROBLEM  STUDIED: 


The  overall  objcetive  of  this  research  was  the  development  of  new 
methods  for  the  quantitation  and  structure  elucidation  of  trace  organics 
by  chemical  ionization  mass  spectrometry. 


SU.'E'ACv  ov  THE  i'.OS"'  IF  POUT  AM"'  VKSULTH: 


Research  accomnlishments  include: 

1)  Development  of  new  methodology  for  obtaining  mass  spectra  of  salts  and 
thermally  labile  organics  under  chemical  ionization  conditions. 

D.  F.  Hunt,  J.  Shabanowitz,  and  K.  Botz,  Anal.  Chem. ,  49 ,  1160  (1977) 

2)  Development  of  a  new  technique  which  allows  the  determination  of 
molecular  compositions  during  GC /MS  analysis  on  a  low  resolution  auadrunole 
mass  spectrometer . 

D.  F.  Hunt,  G.C.  Stafford,  J.  Shabanowitz ,  and  F.  W.  Crow,  Anal.  Chem., 
49,  19  8  4  (1977) 

3)  Demonstration  that  electron  capture  negative  ion  Cl  mass  spectrometry 

is  capable  of  detecting  attomolc  ( 10~ 1 -mole)  quantities  of  several  organics 
under  conventional  OC/MS  conditions. 

D.  F.  Hunt  and  F.  I4 5 6 7.  Crow,  Anal.  Chem.  50 ,  1781  (1978) 

D.  F.  Hunt  and  F.  W.  Crow,  MBS  Special  Publication  519,  Trace  Analysis; 

A  New  Frontier  in  Analytical  Chemistry 

4)  The  discovery  that  gas  phase  ion  molecule  isotope  exchange  reactions  can 
be  used  to  count  the  number  of  protons  in  a  variety  of  different  structural 
environments  in  organic  samples  at  the  ng  level  under  GC/MS  conditions. 

D.  F.  Hunt  and  S.  Sethi,  J.  Arne r  Chem .  Soc . ,  Submitted. 


5)  Construction  of  a  triple  quadrupole  mass  spectrometer  and  demonstration 
that  this  instrument  can  be  employed  to  detect  priority  pollutants  at  the 
100  ppb  level  in  industrial  sludge  without  any  prior  chrorr.atogaphic  or 
wet  chemical  separation  of  this  complex  matrix. 

D.  F.  Hunt,  J.  Shabanowitz,  and  A.  B.  Ciordani,  Anal .  Chem.  In  Press 

6)  Construction  of  a  combined  liquid  chromatography/  mass  spectrometry 

interface  which  employs  a  pulsed  CO  laser  to  desorb  nonvolatile  organics 
into  the  ion  source  of  a  Finnigan  Model  4000  quadrupole  mass  spectrometer. 
This  device  is  also  capable  of  generating  micro  amp  ion  beams  of  transition 
metal  ion  in  the  gas  phase. 


LIST  OF  PUBLICATIONS  AND  TECHNICAL  REPORTS: 


1) 

2) 

3) 

4) 

5) 

6) 


Progress  Report  1  , 
Progress  Report  2, 
Progress  Report  3, 
Progress  Report  4, 
Progress  Report  5, 
Progress  Report  6, 


July  1,1976-  December  31,1976 
January  1,1977-  July  31,1977 
August  1,1977  -  December  31,1977 
January  1,  1970  -  June  30,1978 
July  1,1978  -  December  31,1978 
January  1,1979-  June  30,1979 


7)  0.  7.  Hunt,  J.  Shabanowi tz ,  and  F.  K.  Botz,  Methodology  for  Obtaining 
.M.ass  Spectra  of  Salts  and  Thermally  Labile  Organics  Under  Chemical 
loni nation  Conditions,  Anal .  Chem.  49,1160  (1977) 

8)  D.  F.  Hunt,  G.  C.  Stafford,  J.  Shabanowitz,  and  F.  17.  Crow,  Determination 
of  Molecular  Compositions  on  a  Ouadrupole  Mass  Spectrometer  by  Pulsed 
Positive  Ion-Negative  Ion  Cl  Mass  Spectrometry,  Anal .  Chem.  49,1384(1977) 


9)  D.  F.  Hunt  and  S.  Sethi , "Chemical  Ionization  Mass  Spectrometry"  in 
Amer.  Chem.  Soc.  Symposium  Series,  No.  70,  High  Performance  Niass 
Spectrometry,  M.  L.  Gross,  Editor,  pp  150-178,  1978 


10 )  D .  F.  Hunt  and  F.  17.  Crow,  Electron  Capture  Negative  Ion  Chemical 
Ionization  Mass  Spectrometry,  Anal .  Chem.  50 ,  1781  (1978) 

11)  D.  F.  Hunt  and  F.  r*7.  Crow,  Electron  Capture  Negative  Ion  Chemical 
Ionization  Mass  Spectrometry,  N3S  Special  Publication  519,  Trace  Analysis 

A  New  Fronties  in  Analytical  Chemistry,  April  1979 


12)  D.  F.  Hunt  ,  J.  Shabanowitz ,  and  A.  B.  Giordani,  Collision  Activated 
Decompositions  of  Negative  Ions  in  a  Triple  Ouadrupole  Mass  Spectrometer, 
Anal.  Chemistry  52 ,  (March)  1980 

13)  D.  F.  Hunt  and  S.  Sethi,  Gas  Phase  Ion  Molecule  Isotope  Exchange 
Reactions,  J.  Amer.  Chem.  Soc .  Submitted 


LIST  OF  ALL  PARTICIPATING  SCIENTIFIC  PERSONNEL: 


Graduate  Students: 


Posdoctoral  Associates 


1) 

G.  C.  Stafford, 

Ph.D 

2) 

F.  77.  Crow 

Ph.D 

3) 

S.  Sethi 

Ph.D 

4) 

A.  Buko 

5) 

A.  Giordani 

6) 

T.  Brooks 

7) 

M.  Sisak 

8) 

J.  Shabanowitz 

9) 

M.  Coates 

November  1976 
Dec  emb e r  1977 
September  1979 


1)  W . C .  Brumley 

2)  F.  K.  Botz 

3)  J.  Gale 

4)  J.  Ballard 


8 


Analytical  Applications  of  Postive  and  Negative  Ion 
Chemical  Ionization  Mass  Spectrometry 


DONALD  F.  HUNT  and^ATlNDER  K.  SETHI 

Department  of  Chemistry,  University  of  Virginia,  Charlottesville,  VA  22901 


Reprinted  from  ACS  SYMPOSIUM  SERIES.  No.  70 
HIGH  PERFORMANCE  MASS  SPECTROMETRY:  CHEMICAL  APPLICATIONS 
Michael  L.  Grow,  Editor 

Copyright  1978  by  the  Amencaa  Chemical  Society 
Rrpriaicd  by  permisaioa  of  the  copyright  owacr 


Analytical  Applications  of  Postive  and  Negative  Ion 
Chemical  Ionization  Mass  Spectrometry 

DONALD  F.  HUNT  and  SATINDER  K.  SETIII 

Department  of  Chemistry,  University  of  Virginia,  Charlottesville,  VA  22901 


As  early  as  1916  Dempster  (1)  observed  an  ion  at 
m/e=3,  which  was  correctly  identified  as  H3+.  By  1925 
it  was  well  established  that  this  ion  was  produced  by  a 
secondary  process  resulting  from  collision  between  ion 
(HJ)  and  neutral  species  (H2)  in  the  mass  spectrometer 
ion  source.  Studies  of  such  ion  molecule  collisions 
were  largely  neglected  until  1952,  when  interest  was 
revived  by  the  observation  of  the  ion,  CH+  formed  by 
the  reaction,  (2) 

CHj-  +  CH4  — -  CH*  +  CHj. 

The  birth  of  Chemical  Ionization  Mass  Spectrometry 
(CIMS)  took  place  when  Field  (3)  and  Munson  (3a) 
realized  that  an  ion  such  as  CH*  could  ionize  sample 
molecules  by  transferring  a  proton  to  them  in  the  gas- 
phase.  Such  an  ionization  process  is  totally  different 
from  ionization  of  a  molecule  by  removal  of  an  elec¬ 
tron,  as  is  done  in  most  other  mass  spectrometric 
methods.  Here  it  is  a  chemical  reaction  between  the 
primary  ion  (reagent  ion)  and  the  sample  molecule  which 
is  responsible  for  ionization  of  the  sample.  It  is 
possible  to  control  both  the  energetics  of  sample  ion 
formation  as  well  as  the  type  of  structural  information 
obtained  in  the  resulting  mass  spectrum.  Different  Cl 
reagents  undergo  different  ion-molecule  reactions  with 
the  same  sample  molecule,  and  each  ion-molecule  re¬ 
action  affords  different  structural  information  about 
the  sample  in  question. 

Ion  molecule  reactions  have  been  developed  to 
identify  different  organic  functional  groups  and  to 
differentiate,  primary,  secondary  and  tertiary  alcohols 
(4),  1°,  2°.  and  3°  amines  (5) ,  cyclic  alkanes  from 
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olefins  (4),  sulphur  containing  aromatics  from  non¬ 
sulphur  containing  aromatics,  (6)  and  even  in  some 
cases  the  oxidation  state  of  the  heteroatom  in  poly¬ 
aromatic  hydrocarbons  (7.)  .  Recently  there  have  been 
attempts  to  distinguish  stereoisomers  in  the  gas-phase 
using  optically  active  reagent  gases  (8). 

In  addition  to  an  efficient  technique  for  the 
production  of  a  wide  variety  of  positive  ions.  Cl  is 
also  an  excellent  method  for  generating  negatively 
charged  sample  ions.  Due  to  the  large  concentration  of 
thermal  or  near  thermal  energy  electrons,  produced 
during  ionization  of  the  Cl  reagent  gas,  the  resonance 
electron  capture  mechanism  operates  efficiently  to 
produce  large  concentrations  of  negative  sample  ions 
under  Cl  conditions.  A  description  of  our  initial 
research  effort  in  negative  ion  Cl  will  be  presented 
later  in  the  chapter.  Particularly  noteworthy  is  the 
development  of  methodology  which  facilitates  simul¬ 
taneous  detection  of  both  positive  and  negative  ions  on 
a  quadrupole  mass  spectrometer  (6) . 

In  addition  to  the  above  work  we  have  also  re¬ 
cently  developed  methodology  for  obtaining  Cl  mass 
spectra  of  nonvolatile  salts  and  thermally  labile 
molecules,  under  Cl  conditions  using  quadrupole  in¬ 
struments  with  field  desorption  emitters  as  solid 
probes  but  in  the  absence  of  an  externally  applied 
field  (9). 

We  have  also  demonstrated  that  accurate  mass 
measurements  ( < 1 0  ppm)  can  be  made  using  GC-MS  con¬ 
ditions  on  quadrupole  spectrometers  operating  in  the 
pulsed  positive  negative  ion  configuration  (10) . 

Comparison  of  El  and  Cl  Methods: 

In  order  to  fully  appreciate  the  limitations  of  El 
method  and  the  potential  of  CIMS  both  in  analytical 
chemistry  and  in  the  study  of  fundamental  processes  in 
gas  phase,  a  comparison  of  El  and  CIMS  is  given  below. 

Under  El  conditions  sample  molecules  are  placed  in 
the  ion  source  under  high  vacuum  (10’ 5  to  10  6  torr) 
and  are  ionized  by  impact  of  an  energetic  (>50eV) 
electron  beam.  Since  a  50eV  electron  travels  with  a 
velocity  of  4.2  x  108cm/sec,  it  transverses  a  molecular 
diameter  in  ca.  2.4  x  10’16  sec.  Ionization  of  the 
sample  molecuTe  occurs  on  this  time  scale.  Since  the 
fastest  molecular  vibration,  a_C-H  stretching  vibra¬ 
tion,  has  a  period  of  about  10  1 H  sec,  all  atoms  can  be 
considered  to  be  effectively  at  Test  during  this  period 
(11).  El  ionization  therefore  involves  electronic 
excitation  by  Frank-Condon  type  of  process.  During 
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this  ionization  process,  the  ion  produced  acquires 
energy  in  the  range  of  l-8eV,  and,  thus,  frequently 
undergoes  extensive  fragmentation.  Since  a  high  vacuum 
is  employed  under  El  conditions,  ion-molecule  col¬ 
lisions  are  effectively  precluded.  The  internal  energy 
of  the  ions,  therefore,  remains  in  non-equilibrium 
distribution  from  the  instant  of  ionization.  Formation 
of  fragment  ions  from  the  excited  parent  ion,  is  ex¬ 
plained  by  the  Quasi- equilibrium  theory  (QET)  (12) 
which  assumes  that  initial  excitation  energy  is  ran¬ 
domized  throughout  the  molecule  at  a  rate  which  is  fast 
relative  to  the  rate  of  bond  dissociation.  QET  pre¬ 
dicts  that  fragment  ions  will  be  formed  by  a  series  of 
competing  consecutive,  unimolecular  decomposition 
reactions.  It  is  important  to  realize  here  that  the  El 
process  stands  in  contrast  to  the  usual  kinetic  situ¬ 
ation  encountered  both  in  solution  and  under  Cl  con¬ 
ditions.  In  these  situations,  molecules  are  continual¬ 
ly  energized  and  deenergized  by  collisions,  and  a 
Maxwell- Bo ltzman  type  distribution  of  energies  is 
either  approached  or  realized. 

In  CIMS,  a  set  of  reagent  ions  are  first  generated 
by  bombarding  a  suitable  reagent  gas  at  pressures 
between  0.5  and  1  torr,  with  high  energy  electrons  (100 
to  500eV).  Sample  molecules  are  introduced  in  the 
usual  manner  but  at  a  cone,  below  0.1%  that  of  the 
reagent  gas.  Under  these  conditions  only  the  reagent 
gas  is  ionized  by  El  and  sample  molecules  are  ionized 
only  by  ion-molecule  reactions. 

In  general,  gas-phase  ion  molecule  reactions  are 
appreciably  faster  than  reactions  between  neutral 
species.  Reactions  proceeding  at  or  near  diffusion 
controlled  rates  are  not  uncommon  under  chemical 
ionization  conditions.  An  explanation  for  these  large 
cross-sections  for  reaction  can  be  found  in  the  treat¬ 
ment  by  Langevin  (13Q  .  Long  range  attractive  forces, 
which  result  from  polarization  of  the  neutral  molecule 
by  the  approaching  ion,  are  produced.  Depending  upon 
the  proximity  and  the  relative  velocity  of  the  two 
species,  these  attractive  forces  may  cause  the  distance 
of  closest  approach  to  be  sufficiently  small  for  a 
reaction  to  occur.  Furthermore,  if  the  ion  approaches 
the  target  molecule  to  within  a  certain  range  of  dis¬ 
tances,  the  trajectory  takes  on  a  spiral  or  orbiting 
nature  around  the  molecule.  The  orbiting  behavior  of 
the  two  species  increases  the  duration  of  the  inter¬ 
action,  i.e.  the  lifetime  of  the  ion-molecule  complex, 
permits  the  ion  and  molecule  to  perturb  each  others’ 
electronic  structure,  and  to  sample  several  possible 
activated  complexes.  Ionization  of  sample  does  not 
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occur  by  a  Frank-Condon  process,  since  the  lifetime  of 
the  ion-molecule  complex  can  be  long  compared  with 
vibrational  time  periods. 

Under  Cl  conditions  the  amount  of  energy  imparted 
to  the  sample  ion  is  dependent  in  part  on  the  exother- 
micity  of  the  ion-molecule  reaction  employed.  In  Cl 
with  methane  and  iso-butane ,  the  most  commonly  used 
reagent  gases,  the  ionization  occurs  by  either  proton 
transfer  to,  or  hydride  abstraction  from,  the  sample. 
Since  the  exothermici t v  of  gas-phase  proton  transfer 
and  hydride  abstraction  reactions  is  usually  low  (0- 
3eV) ,  the  resulting  even-electron  ions  are  relatively 
stable  towards  further  fragmentation.  Those  ions  that 
do  fragment  generally  do  so  by  pathways  different  from 
those  available  to  the  odd  electron  species  generated 
initially  under  El  conditions.  Accordingly,  the  struc¬ 
tural  information  obtained  from  El  and  Cl  spectra  of 
the  same  sample  is  usually  complementary.  The  op¬ 
portunity  for  sample  ion  to  undergo  stabilizing  col¬ 
lisions  with  neutral  reagent  gas  molecules  under  Cl 
conditions  also  contributes  to  the  reduced  fragmen¬ 
tation  observed  in  the  Cl  mode.  A  lower  limit  for  the 
number  of  collisions  experienced  by  an  ion  in  the  Cl 
source  can  be  estimated,  by  using  the  expression 

Zc  =  K-N 

where  Z  is  the  number  of  collisions,  K  is  the  rate 
constant  for  the  reaction  and  N  is  the  number  density 
of  gas  molecules.  Typical  values  for  K  =  10  ’em3, 
molecule  ‘‘sec  1  and  N  *  2  x  1016  (150°C,  1  torr)  yield 
a  value  of  2  x  107  collisions/sec  or  =1  collision  every 
10  7  sec.  (3b) 

The  proton  affinity  (P.A.)  of  a  molecule  is  de¬ 
fined  as  the  heat  liberated  on  protonation.  The  higher 
the  P.A.  of  a  reagent  molecule,  more  stable  is  its  pro- 
tonated  form  (reagent  ion).  The  exothermicity  of  pro¬ 
ton  transfer  will,  of  course,  depend  both  on  the  acidi¬ 
ty  of  the  reagent  molecule  and  the  basicity  of  the 
sample  molecule.  For  a  given  sample,  the  proton  af¬ 
finity  values  given  below, 

H2  ♦  H+  -  H*  AH  -  -101  Kcal/mole;  P.A.(Ht)  *  101 

CH*  ♦  H*  -  CH$  AH  -  -127  Kcal/mole;  P.A.(CHt)  -  127 
NHj  ♦  H*  -  NHC  AH  -  -207  Kcal/mole;  P.A. (NHC)-207 
show  that  reaction  with  Ht  will  produce  protonated 
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sample  ion,  [M  +  H]  ,  having  26  Kcal/mole  more  energy 
than  those  generated  by  proton  transfer  from  CH+.  • 
Due  to  very  high  proton  affinity  of  ammonia,  the  NH t 
will  only  transfer  a  proton  to  molecules  which  are  more 
basic  than  ammonia.  Accordingly,  the  NHt  ion  finds 
utility  as  a  reagent  for  selectively  ionizing  basic 
components  in  a  mixture  of  organic  compounds. 

In  many  cases  extensive  fragmentation  of  the 
sample  is  desirable  in  order  to  obtain  as  much  struc¬ 
tural  information  as  possible.  Fragmentation  under  El 
is  due  to  high  internal  energy  of  the  molecular  ion 
although  the  free  radical  character  of  Mt  lowers  acti¬ 
vation  energy  for  many  otherwise  inaccessible  decom¬ 
position  pathways.  Fortunately  El-type  spectra  can  be 
obtained  under  Cl  conditions  by  using  powerful  one 
electron  oxidizing  agents  like  N*'.  The  nitrogen 
radical  cation  formed  by  electron  impact  on  N2  gas  at  1 
torr 

N*  +  e  (80eV)  -*•  N^'  +  N*  ♦  e  (1) 

AB  ♦  n£ '  -  AB+ '  +  N2  AH  =  - (2-8)eV  (2) 

AB  ♦  N*  -  AB+ '  +  N2  +  e  AH  =  -(0-3)eV  (3) 

can  transfer  2-8eV  of  energy  to  the  sample  molecule 
(AB)  during  the  ionization  step  (Eq-2).  Extensive 
fragmentation  of  the  resulting  Mt  ion  results  and  a 
spectrum  identical  to  that  produced  by  El  methodology 
is  obtained.  Metastable  (N*)  can  also  ionize  the 
sample  as  shown  in  (Eq-3). 

Selective  Reagent  Gases  for  Positive  Ion  CIMS 


Argon-Water :  When  an  argon-water  mixture  is  employed 
as  the  Cl  reagent  gas,  the  spectra  obtained  exhibit 
features  characteristic  of  both  conventional  El  and 
Bronsted  acid  Cl  spectra  (14).  Use  of  this  reagent  gas 
mixture  is  particularly  valuable  when  an  ion  charac¬ 
teristic  of  the  sample  molecular  weight  and  abundant 
fragment  ions  characteristic  of  molecular  structure  are 
both  required  to  solve  the  analytical  problem  at  hand. 

Electron  bombardment  of  Ar/H20  (20/1)  at  1  torr 
produces  ions  at  m/e  40(Ar*),  80(ArJ),  and  19(H30+)  as 
well  as  a  population  of  metastable  argon  neutrals 
(Ar*).  Proton  transfer  from  HjO*  to  a  sample  molecule 
is  usually  only  slightly  exothermic  and  seldom  results 
in  extensive  fragmentation  of  the  resulting  M+l  ion. 

In  contrast  electron  transfer  from  sample  to  Ar+  is 
highly  exothermic  (4-6eV)  and  produces  from  the  sample 
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an  energy  rich  radical  cation  which  suffers  fragmen¬ 
tation  to  produce  a  El-type  spectrum.  The  ability  to 
record  both  El-  and  Cl-type  spectra  in  a  single  scan  is 
particularly  useful  when  the  maximum  structural  infor¬ 
mation  possible  is  desired  and  the  quantity  of  sample 
available  for  analysis  is  only  sufficient  for  a  single 
experiment.  A  mixture  of  nitrogen  and  water  affords 
spectra  identical  to  those  obtained  with  argon  and 
water  as  the  Cl  reagent.  For  the  purpose  of  compari¬ 
son,  conventional  El  and  CI(Ar-H20)  spectra  of  di-n- 
pentylamine  are  shown  in  Figure  1.  Reaction  of  the 
amine  with  H30+  affords  a  single  ion  [M+l]+.  In  con¬ 
trast  the  El  spectrum  displays  a  relatively  weak  molec¬ 
ular  ion. 

Deuterium  oxide :  When  D20  is  employed  as  the  Cl  re- 
agent,  all  active  hydrogens  attached  to  N,S,  or  0  atoms 
in  an  organic  sample  undergo  exchange  during  the  life¬ 
time  of  the  sample  in  the  ion  source  of  the  mass  spec¬ 
trometer.  Aromatic  hydrogens  have  also  been  shown  to 
undergo  exchange  (lj[)  .  If  the  mol.  wt.  of  the  sample 
is  already  known  from  previous  CI(CH4)  spectra,  the 
number  of  active  hydrogens  in  the  molecule  can  be 
counted  by  inspection  of  the  mol.  wt.  region  of  the  Cl 
(D20)  spectrum.  Differentiation  of  1°,  2°,  and  3° 
amines  is  easily  accomplished  in  this  manner  (_5)  .  In 
the  Cl  (D20)  spectrum  of  6-ketoestradiol  (Figure  2), 
the  M+l  peak  observed  in  the  water  Cl  spectra  at 
m/e=287  is  shifted  to  m/e=290.  This  latter  ion  cor¬ 
responds  to  d2 -ketoestra3"iol  +  D+  and  results  from  ex¬ 
change  of  the  two  active  hydrogen  atoms  in  the  diol 
followed  by  deuteration. 

Ammonia 

Electron  bombardment  of  ammonia  generates  NHt 
along  with  (NH3)2H  +  and  (NH3)3H+.  These  ions  function 
as  weak  Bronsted  acids  and  will  only  protonate  strongly 
basic  substances  like  amides  (16),  amines  (17),  and 
some  a,8-unsaturated  ketones  (1][)  .  The  resulting 
sample  ions  seldom  undergo  fragmentation  because  of  the 
low  exothermicity  associated  with  proton  transfer 
reactions  (Figure  3a).  Aldehydes,  ketones,  esters,  and 
acids,  which  are  not  sufficiently  basic  to  accept  a 
proton  from  NH4 ,  show  ions  in  CI(NH3)  spectra  resulting 
from  the  electrophilic  attachment  of  NH4  to  the  mole¬ 
cule  (Figure  3b)  (ljJ) . 

Another  interesting  aspect  of  Cl  (NH3)  research  is 
the  finding  that  ammonia  can  be  employed  as  a  reagent 
gas  for  the  direct  analysis  of  organics  in  water.  The 
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igure  1.  El  and  Cl  (N.  +HfO)  mass  spectra  of  di-n-pentylamine.  The 
intensity  of  reagent  ions  is  50  to  100  times  greater  than  as  shown. 


Figure  2.  Cl  (HtO)  and  Cl  (DtO)  mass  spectra  of  6-ketoestradioL  The  inten¬ 
sity  of  reagent  ions  is  50  to  100  times  greater  than  as  shown. 
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ammonium  ion  is  not  sufficiently  acidic  to  protonate 
water.  Accordingly,  organics  in  water  can  be  selec¬ 
tively  ionized  when  ammonia  is  employed  as  the  Cl 
reagent  gas. 

The  NHj  ion  can  also  be  used  as  stereochemical 
probe  of  organic  structures.  Simple  alcohols  are  not 
ionized  under  Cl  (NH3)  conditions.  In  contrast,  diols 
in  which  the  two  hydroxyl  groups  can  simultaneously 
form  intramolecular  hydrogen  bonds  to  the  NHt  ion  are 
ionized  (20).  Differentiation  of  trans  diaxial  diols 
from  the  cTTequatorial  or  axial -equatorial  isomers  is 
easily  accomplished  by  Cl  (NH3)  mass  spectrometry  (7_) 
(Figure  3c) . 

Like  ammonia,  methylamine,  is  also  a  useful  re¬ 
agent  gas.  Aldehydes  and  ketones  react  with  CH3NH3 
in  the  Cl  source  to  form  protonated  Schiff  bases  (2^1 )  . 
The  reaction  is  quite  sensitive  to  the  steric  environ¬ 
ment  of  the  carbonyl  group  (7)  . 

Nitric  Oxide:  Nitric  oxide  is  one  of  the  most  versa¬ 
tile  reagent  gases  for  positive  ion  CIMS.  Electron 
bombardment  of  nitric  oxide  affords  NO+  which  functions 
as  an  electrophile,  hydride  abstractor,  and  one  elec¬ 
tron  oxidizing  agent  toward  organic  samples. 

Depending  on  the  type  of  organic  functional  groups 
present,  any  or  all  of  the  above  reactions  may  be 
observed.  We  find  that  nitric  oxide  Cl  spectra  are 
particularly  useful  for  identifying  organic  functional 
groups  in  sample  molecules,  for  differentiating  olefins 
from  cycloalkanes,  and  for  fingerprinting  hydrocarbon 
mixtures.  Of  particular  interest  is  the  finding  that 
Cl  (NO)  spectra  can  be  employed  to  differentiate  pri¬ 
mary,  secondary,  and  tertiary  alcohols.  Nitric  oxide 
Cl  spectra  of  tertiary  alcohols  contain  only  (M-17)+ 
ions  formed  by  abstraction  of  the  hydroxyl  group  to 
form  nitrous  acid.  Spectra  of  secondary  alcohols 
exhibit  three  ions;  (M-l)+,  which  corresponds  to  a 
protonated  ketone;  (M-17)+;  and  (M-2  +  30)  "*■ .  The  latter 
ion  is  generated  by  the  oxidation  of  the  alcohol  fol¬ 
lowed  by  addition  of  NO*  to  the  resulting  ketone. 
Spectra  of  primary  alcohols  also  exhibit  ions  cor¬ 
responding  to  (M-l)+  and  (M- 2+30) *.  In  addition, 
however,  an  ion,  (M-l)*,  unique  for  primary  alcohols  is 
observed.  This  ion  is  produced  by  hydride  abstraction 
from  Ci  of  the  aldehyde  formed  on  oxidation  of  the 
primary  alcohol.  Figures  4a,  b,  c  show  CI(NO)  spectra 
of  three  isomers  of  pentanol. 
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Scheme :  NO*  as  a  Selective  C I  Reagent . 

TERTIARY  ALCOHOLS: 

(R)3C-0H  — - —  R3C* 

(M- 17) 

SECONDARY  ALCOHOLS: 

NO*  * 

(R)2CH-OH  ^-^(R)2C-OH 
(M- 1 ) + 

-+(R)  2CH* 

(M- 17) * 

PRIMARY  ALCOHOLS: 

RCH2-OH  — - ►RC*H-OH  - ►RCH=0  — - ►RCHO---NO* 

(M- 1 ) *  (M-2+30)* 

-RC*=0 
(M- 3 ) * 

Differentiation  of  olefins  and  cycloalkanes  having 
the  same  M.  W.  is  also  easily  accomplished  using  nitric 
oxide  as  reagent.  Spectra  of  cycloalkanes  exhibit  only 
an  [M-1J+  ions  whereas  those  of  olefins  contain  both 
[M-l]+  and  [M+30]+  ions  (1J})  .  The  latter  species 
results  from  electrophilic  addition  of  N0+  to  the 
double  bond  (Figure  4d,  e) .  Cl (NO)  spectra  of  hydro¬ 
carbons  closely  resemble  those  obtained  under  field 
ionization  conditions.  Over  801  of  the  ion  current  in 
Cl  (NO)  spectra  of  most  hydrocarbons  is  carried  by  the 
[M-l]+  ion.  This  situation  stands  in  sharp  contrast  to 
that  obtained  under  either  El  or  CI(CH4)  conditions, 
where  extensive  fragmentation  of  hydrocarbon  molecule 
is  observed. 

In  addition  to  the  above  results,  it  is  possible 
to  use  Cl (NO)  spectra  to  identify  many  functional 
groups  in  organic  molecules.  Spectra  of  acids,  alde¬ 
hydes  and  ketones  show  M+30,  M-17;  M+30,  M-l;  and  M+30 
ions  respectively.  One  drawback  to  the  use  of  nitric 
oxide  as  a  Cl  reagent  is  that  it  is  a  strong  oxidizing 
agent  and  therefore  rapidly  destroys  hot  metal  fila¬ 
ments  used  to  produce  the  beam  of  ionizing  electrons. 

To  overcome  this  problem  we  have  developed  a  Townsend 
electric  discharge  (filamentless)  source  for  producing 
a  beam  of  ionizing  electrons  or  ions  (6J . 


(R)2C=0 


NO 


(R) 2CO-NO 
(M- 2+30) + 
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Figure  3.  Cl  (NIh)  mass  spectra  of:  (a)  triethijlamine,  (h)  cyclohexanone, 
(c)  D-(~)  ribose.  The  intensity  of  reagent  ions  is  50  to  100  times  greater  than 

as  shown. 
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Figure  4.  Cl  (NO)  mass  spectra  of:  (a)  1-pentanol,  (b)  2-pentanol,  (c)  2- 
methyl-2-butanol,  (d)  cyclohexane ,  (e)  3-decene.  The  intensity  of  reagent  ions 
is  SO  to  100  times  greater  than  as  show n. 
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NEGATIVE  ION  CHEMICAL  I0NI2ATI0N  MASS  SPECTROMETRY 

TNTCTggT - 


Negative  ions  can  be  formed  in  the  gas  phase  by 
the  following  three  mechanisms,  depending  upon  the 
energy  involved  (22). 


AB  +  e(20eV)  - ►AB- 

AB  +  e  (0 - 1  5eV)  - ►A*  +  B* 

B'+A* 

AB  +  e(>10eV)  - >-A  +  B  +  +  e 

A++B' +e 


Resonance  electron 
capture 

Dissociative  electron 
capture 

Ion  pair  production 


With  the  exception  of  a  small  population  of  low  energy 
secondary  electrons  produced  under  El  conditions  during 
positive  sample  ion  formation,  most  of  the  electrons 
available  under  El  conditions  possess  energy  in  excess 
of  lOeV.  Accordingly,  most  negative  sample  ions  are 
produced  by  either  ion-pair  formation  or  by  dissocia¬ 
tive  electron  capture  mechanisms,  and  most  of  the 
sample  ion  current  is  carried  bylow  mass  fragments, 
species  like  0:,  HO*,  Cl’  and  CN",  etc.  Ions  of  this 
type  provide  little  structural  information  about  the 
sample  molecule  in  question.  In  contrast  to  the  above 
situation,  Wurman  and  Sauer  (23^  showed  that  the  ther- 
malization  of  electrons  can  occur  in  a  fraction  of 
micro-second  in  the  presence  of  gases  like  methane  and 
iso-butane.  The  resulting  large  population  of  thermal 
electrons  makes  resonance  electron  capture  the  dominant 
mechanism  for  formation  of  negative  ions  under  Cl 
conditions.  Once  formed  the  negatively  charged  sample 
ions  suffer  up  to  several  hundred  stabilizing  col¬ 
lisions  with  neutral  reagent  gas  molecules  before  they 
exit  the  ionization  chamber. 

Unlike  the  results  obtained  by  high  energy  elec¬ 
tron  impact,  spectra  recorded  under  Cl  conditions 
exhibit  abundant  molecular  anions  (M1)  for  many  types 
of  molecules.  Further,  those  molecules  that  fragment 
under  negative  ion  Cl  conditions  generally  do  so  by 
elimination  of  small  moieties  from  the  parent  anion. 
Since  the  structural  features  which  stabilize  a  nega¬ 
tive  charge  on  an  organic  molecule  are  not  usually  the 
same  as  those  that  stabilize  a  positive  charge,  elec¬ 
tron  capture  negative  ion  Cl  spectra  tend  to  provide 
structural  information  complementary  to  that  available 
in  the  positive  ion  mode. 
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Perhaps  the  most  exciting  feature  of  negative  ion 
CIMS  is  the  finding  that  the  sensitivity  associated 
with  ion  formation  by  electron  capture  in  the  Cl  source 
can  be  100-1000  times  greater  than  that  available  by 
any  positive  ion  methodology.  This  result  suggests 
that  negative  ion  CIMS  will  soon  become  the  method  of 
choice  for  the  quantitation  of  many  organics  in  complex 
mixtures  by  GCMS.  Key  to  the  success  of  the  negative 
ion  technique  is  the  development  of  chemical  deri- 
vatization  procedures  which  facilitate  introduction  of 
groups  into  the  sample  under  analysis  that  enhance  both 
formation  of  molecular  anions,  M1 ,  by  electron  capture 
and  stabilization  of  the  resulting  M1  toward  unde¬ 
sirable  fragmentation.  Preliminary  studies  indicate 
that  pentaf luorobenzaldehyde  and  pentaf luorobenzoyl 
chloride  are  excellent  reagents  for  this  purpose. 
Reaction  of  these  two  reagents  with  primary  amines  and 
phenols  facilitates  detection  of  these  classes  of 
compounds  at  the  femtogram  (10  15  g)  level  by  negative 
ion  GC-CIMS  methodology  (Table  I). 


TABLE  I.  Detection  Limits  for  Derivatives  of  Primary 

Amines  and  Phenols 

Compound  GCMS  Detection  Limit  Signal/Noise 


Pentaf luorobenzoyl  amphetamine 


Vs 


OTMS 


OTMS 


25  x  10'15  g 


Pentaf luorobenzyl i dene 
dopamine-bis-trimethyl  silyl  ether 


A* ’‘-Tetrahydrocannabinol 
pentaf luorobenzoate 


4/1 


4/1 
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Simultaneous  recording  of  positive  and  negative 
ion  Cl  mass  spectra  on  Finnigan  Model  3200  and  Model 
3300  quadrupole  mass  spectrometers  is  accomplished  by 
pulsing  the  polarity  of  the  ion  source  potential  (±1- 
10V)  and  focusing  lens  potential  (±10-20V)  at  a  rate  of 
10  kHz  as  illustrated  in  Figure  S.  Under  these  con¬ 
ditions,  packets  of  positive  and  negative  ions  are 
ejected  from  the  ion- source  in  rapid  succession  and 
enter  the  quadruple  mass  filter.  Unlike  the  magnetic 
instruments,  ions  of  identical  m/e,  but  different 
polarity,  traverse  the  quadrupoTe  field  with  equal 
facility  and  exit  the  rods  at  the  same  point.  Detec¬ 
tion  of  ions  is  accomplished  simultaneously  by  two 
continuous  diode  multipliers  operating  with  first 
dynode  potentials  of  opposite  polarity.  The  result  is 
that  positive  and  negative  ions  are  recorded  simul¬ 
taneously  as  deflections  in  opposite  direction  on  a 
conventional  light  beam  oscillograph. 

Electron  Capture  -  El  Type  Spectra: 

As  noted  earlier  when  N2  or  argon  is  used  as 
reagent  gas,  the  positive  ion  Cl  spectra  are  essen¬ 
tially  identical  to  that  obtained  under  El  conditions. 
In  the  negative  ion  mode,  sample  ions  are  formed  by 
electron  capture.  Negative  ions  are  not  produced  from 
nitrogen  or  argon  under  Cl  conditions.  Using  PPINICI 
technique  with  N2  as  a  reagent  gas  we  can  simultaneous¬ 
ly  detect  and  record  El  type  spectra  on  the  positive 
ion  trace  and  ions  produced  by  resonance  electron 
capture  on  the  negative  ion  trace.  Since  the  struc¬ 
tural  features  that  stabilize  positive  and  negative 
fragment  ions  are  not  usually  the  same,  the  above 
methodology  permits  one  to  simultaneously  record  spec¬ 
tra  which  contain  complementary  structural  information. 
An  example  of  this  case  (Figure  6a)  is  the  EI-EC  spec¬ 
trum  of  amytal. 

Electron  Capture  -  Bronsted  Acid  Type  Spectra: 

If  methane  or  isobutane  is  used  as  reagent  gas  for 
PPINICIMS,  Bronsted  acid  type  Cl  spectra  are  produced 
on  the  positive  ion  trace  and  electron  capture  spectra 
are  generated  on  the  negative  ion  trace.  Negative  ions 
derived  from  methane  or  isobutane  are  not  observed  in 
this  mode  of  operation. 
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Figure  5.  Pulsed  positive  negative  ion  chemical  ionization 
(PPNIC1)  mass  spectrometer:  FIL-filament,  EM-electron  mul¬ 
tiplier,  and  LBO-light  beam  oscillograph 
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Figure  6.  Pulsed  positive  negative  ion  Cl  mass  spectra:  (a)  electron  capture-impact 
type  spectrum  of  amytal ;  (b)  Bronsted  acid-Bronsted  base  spectrum  of  tnns-4-phcnyl- 
3-buten-2-one;  (c)  Bronsted  acid-Bronsted  base  electron  capture  spectrum  of  the  N- 
acetyl-per-methylated-methyl  ester  of  Met-Gly-Met-Met.  The  intensity  of  reagent  ions 
is  50  to  100  times  greater  than  as  shown. 
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Bronsted  Acid  -  Bronsted  Base  Type  Spectra: 

Simultaneous  production  of  Bronsted  acid  and 
Bronsted  base  spectra  is  accomplished  by  using  a  re¬ 
agent  gas  composed  of  methane  and  methyl  nitrite.  The 
quantity  of  methyl  nitrite  employed  is  insufficient  to 
alter  the  population  of  methane  reagent  ions.  Accord¬ 
ingly,  a  conventional  methane  Cl  spectrum  of  the  sample 
is  obtained  on  the  positive  ion  trace.  In  the  negative 
ion  mode  methyl  nitrite  is  efficiently  converted  to 
CH3O  by  dissociative  electron  capture  reaction  shown 
below. 

CHjONO  - - - *-CH 3 0*  ♦  NO 

Methoxide  then  functions  as  a  strong  Bronsted  base 
and  abstracts  protons  from  organic  molecules  to  produce 
(M-l)  ions.  In  most  cases  the  excess  energy  liberated 
in  the  proton  abstraction  reaction  remains  in  the  new 
bond  that  is  formed  (CH3OH).  Consequently,  the  sample 
(M-l)'  ion  seldom  possesses  enough  energy  to  undergo 
extensive  fragmentation.  Ions  characteristic  of  sample 
molecular  weight  are  almost  always  seen  using  this 
methodology.  The  spectra  of  trans-4-phen>l -3-buten-2- 
one  (Figure  6b)  illustrates  the  utility  of  methane- 
methyl  nitrite  mixture  as  reagent-gas  under  PPINICI 
conditions . 

It  should  be  mentioned  that  a  wide  variety  of 
anionic  nucleophiles  and  bases,  less  basic  than  CH30’, 
can  be  generated  for  study  as  negative  ion  reagents  by 
simply  adding  a  third  component  to  the  methane-methyl - 
nitrite  mixture  employed  above.  When  the  third  com¬ 
pound  reaches  a  relative  concentration  of  about  51  of 
the  total  mixture,  all  of  the  CH30  formed  by  electron 
capture  is  consumed  by  ion  molecule  reactions  involving 
proton  transfer  to  CH30'  from  the  third  component.  In 
this  way  (M-l)'  ions  from  cyclopentadiene ,  acetone, 
mercaptans,  nitriles,  etc.  can  be  generated  and  employed 
as  negative  ion  reagents. 

Electron  Capture  -  Bronsted  Acid  -  Bronsted  Base  Spectra 

If  a  mixture  of  methane-methyl  nitrite  is  employed 
as  the  Cl  reagent  gas  and  the  quantity  of  methyl  ni¬ 
trite  is  insufficient  to  consume  the  available  popula¬ 
tion  of  thermal  electrons,  the  reactant  species  gener¬ 
ated  in  the  ion  source  consist  of  CHS+,  CH3O"  and 
thermal  electrons.  Using  the  PPINICI  technique  the 
reagent  combination  produces  simultaneously  Bronsted 
acid  Cl  spectra  on  the  positive  ion  trace  and  a  mixture 
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of  Bronsted  base  and  electron  capture  Cl  spectra  on  the 
negative  ion  trace. 

This  combination  of  reagents  is  particularly 
useful  when  the  problem  at  hand  requires  the  deter¬ 
mination  of  both  sample  molecular  weight  and  detailed 
structural  information.  Sequencing  of  polypeptides  by 
MS  is  a  good  example  of  such  a  problem.  For  a  de- 
rivatized  polypeptide,  the  PPINICI  [CH<.-CH3ONO  (trace)] 
spectrum  shows  an  (M^l)’  ion  derived  from  reaction  of 
the  sample  with  CH30',  the  positive  ion  Bronsted  acid 
spectrum  provides  both  the  N-  and  the  C-terminal  se¬ 
quence  ions,  and  the  electron  capture  negative  ion 
spectrum  shows  ions  which  occur  at  m/e  values  29  units 
(-N‘CH3 -permethylation)  higher  than  tFe  N-terminal  acyl 
sequence  ion  on  the  positive  ion  trace.  Thus,  N- 
terminal  sequence  ions  can  be  easily  recognized  by  the 
appearance  of  doublets  separated  by  29  mass  units  on 
positive  and  negative  ion  traces.  Shown  in  Figure  6c 
is  the  PPINICI  (CH4-CH30N0)  spectrum  of  N-acetyl- 
permethylated-methyl  ester  of  Met-Gly-Met-Met . 

Oxygen  as  a  PPINICI  Reagent: 

When  oxygen  at  1  torr  containing  10%  hydrogen  is 
employed  as  the  Cl  reagent  gas,  02*,  02-  and  a  popu¬ 
lation  of  thermal  electrons  function  as  the  reactants 
in  the  positive  and  negative  ion  modes,  respectively. 

02  — - *-02  +  e 

02  — - - ->02-  0- 

0-  *  H2  — -H20  +  e" 

We  find  that  this  reagent  gas  mixture  is  ideally 
suited  for  the  analysis  of  tetrachlorodibenzodioxin 
(TCDD) ,  polyaromatic  hydrocarbons,  and  alcohols  (6). 
Positive  ion  Cl  (02)  spectra  of  aromatic  molecules 
usually  consist  of  a  single  ion  corresponding  to  M+ . 
This  ion  is  formed  by  electron  transfer  from  the  sample 
to  02+.  Positive  ion  CI(02)  spectra  are,  therefore, 
analogous  to  low  voltage  El  spectra  except  that  under 
Cl  conditions  there  is  no  loss  in  sample  sensitivity. 
Under  low  voltage  El  conditions  sample  sensitivity  may 
drop  by  1  or  2  orders  of  magnitude. 

In  the  negative  ion  mode,  polyaromatic  hydrocar¬ 
bons  either  react  with  02;  or  capture  an  electron  and 
then  suffer  reaction  with  a  diradical  oxygen  molecule. 
Depending  on  the  structure  of  the  molecule  the  re; 
suiting  ions  may  correspond  to  M- ,  (M-l)  ,  (M+14)  , 
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(M+15)  ,  (M+31)  ,  or  (M+32)  .  PPINICI  with  oxygen  as 
the  reagent  gas  is  particularly  suited  for  differen¬ 
tiation  of  isomeric  polyaromatics  such  as  the  C24H12 
pair,  benzo (ghi)perylene  and  indeno (1 , 2 , 3-cd)pyrene 
(Figure  7),  and  molecules  such  as  RC3  and  RSH4  which 
have  the  same  molecular  weight  but  different  elemental 
compositions.  In  the  case  of  the  C2i*H12  pair,  both 
isomers  exhibit  a  single  ion  corresponding  to  M+  in 
the  positive  ion  mode.  On  the  negative  ion  trace 
benzoperylene  shows  ions  corresponding  to  M-  and 
(M+15)~  in  a  1/1  ratio.  The  latter  species  is  probably 
a  phenolic  anion  resulting  from  the  reaction  of  M: 
with  oxygen  followed  by  the  elimination  of  OH*.  The 
negative  ion  spectrum  of  indenopyrene  also  exhibits  the 
same  two  ions,  and  (M+15)~,  but  in  a  ratio  of  10/1. 
Further,  the  ratio  of  the  total  positive  to  total 
negative  sample  ion  current  is  0.5  for  the  benzopery¬ 
lene  and  22  for  the  indenopyrene.  The  presence  of  a 
f ive-membered  ring  in  the  indenopyrene  facilitates 
formation  of  a  stable  negative  ion  and  easy  identifi¬ 
cation  of  this  compound  even  in  the  presence  of  the 
other  C24H12  isomers. 

Although  RSH.,  and  RC3  compounds  have  the  same  mol. 
wt.  and  exhibit  a  single  ion  at  the  same  m/e  value  on 
the  positive  ion  trace,  these  two  types  oj  molecules 
are  easily  differentiated  in  the  negative  ion  mode. 
Sulfur  containing  molecules  undergo  attachment  of 
oxygen  to  M-  and  form  (M+32)-  ions  whereas  polyaro- 
raatics  containing  only  carbon  and  hydrogen  form  M:  and 
(M+15)  ions  (phenolic  anions)  under  CI(02)  conditions. 
If  both  compound  types  are  present  in  the  same  sample 
mixture,  ions  from  each  appear  as  an  unresolved  doublet 
at  M+  on  the  positive  ion  trace  and  as  a  doublet  sepa¬ 
rated  by  17  mass  units  (M+15  and  M+32)  on  the  negative 
ion  trace. 

NICI(02)  is  also  of  value  as  a  technique  for 
analyzing  alcohols.  Molecules  containing  alcohol 
groups  form  a  hydrogen  bond  to  Oj1  to  produce  (M+O2)1 
ion  and  also  react  with  01  to  give  (M-17)  ions. 

Analysis  of  Nonvolatile  ^Compounds: 

Most  mass  spectrometric  techniques  require  the 
sample  molecules  to  be  in  the  gaseous  state  prior  to 
ionization  and  thus  are  severely  limited  in  their  ap¬ 
plication  to  the  analyses  of  salts  and  thermally  labile 
compounds.  Thermal  energy  is  the  most  common  force 
used  to  break  the  intermolecular  bonds  and  surface- 
molecule  bonds  and  to  facilitate  introduction  of  sample 
molecules  into  the  gaseous  state.  Input  of  energy  into 
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Figure  7.  PPNICI  ( Ot/H ,)  mass  spectra  of  two  isomers  of  (a)  benzo(ghi)  per- 

ylene;  (b)  indenof  lJ2,3-cd-^pyrene.  The  intensity  of  reagent  ions  is  50  to  100  times  greater 

than  as  shown. 
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vibrational  levels  of  the  molecule  can  either  result  in 
dissociation  of  int ra- molecu lar ,  inter-molecular,  or 
surface-molecule  bonds.  For  most  salts  and  thermally 
labile  molecules,  the  former  process  becomes  dominant, 
and  extensive  thermal  degradation  of  the  sample  occurs 
during  the  vapourization  step. 

A  variety  of  techniques  have  been  developed  to 
overcome  this  problem.  Derivatization  of  polar  group 
in  the  molecule  to  eliminate  intermolecular  hydrogen 
bonding,  is  perhaps  the  most  common  and  successful 
method.  Unfortunately,  derivatization  adds  an  unwanted 
extra  step  in  sample  analysis.  Attempts  to  reduce 
surface-molecular  interactions  by  volatilizing  the 
sample  from  relatively  inert  material  such  as  Teflon 
also  have  shown  some  promise  (2_4)  . 

Two  techniques,  which  increase  the  rate  of  sample 
vaporization  relative  to  the  rate  of  pyrolysis  by 
placing  large  amounts  of  energy  into  the  molecule  on  a 
time  scale  that  is  fast  compared  with  the  vibrational 
time  period  (10  12  to  10* 13  sec),  have  also  shown 
considerable  potential.  The  more  promising  of  these 
techniques,  plasma  desorption  mass  spectrometry  (25) , 
involves  impact  of  high  energy  (100  MeV)  fission 
products  from  252Cf  onto  the  back  side  of  metal  foil 
coated  with  a  molecular  layer  of  sample.  Simultaneous 
desorption  and  ionization  of  sample  molecules  results. 
Many  polar  and  very  high  molecular  weight  compounds 
(e.j*.  ,  Vitamin  B12)  afford  ions  characteristic  of 
sample  molecular  weight  when  analyzed  by  this  new 
methodology.  The  second  high  energy  technique  employs 
a  pulsed  laser  for  both  desorption  and  ionization  (26) . 
This  method  has  not  been  applied  to  the  analysis  of 
thermally  labile  molecules  but  has  shown  promise  for 
analysis  of  salts. 

The  mass  spectrometer ic  technique  which  is  now 
most  commonly  used  for  the  analysis  of  non-volatile 
samples  is  field  desorption  (27_) .  This  technique  was 
introduced  by  Beckey  in  1969,  and  employs  a  very  strong 
electrostatic  field  (1-4V/A°)  to  ionize  molecules 
absorbed  on  specially  prepared  surface,  and  a  com¬ 
bination  of  this  field  and  thermal  energy  to  desorb  the 
ionized  sample  molecules.  The  activated  surface  con¬ 
sists  of  dense,  highly  branched  carbon  microneedles  (30 
ym  long)  grown  on  10  ym  tungsten  wire. 

According  to  Muller  (2_8 ) ,  the  strong  field  lowers 
the  barrier  for  electron  tunnelling  from  molecule  to 
the  wire  surface  and  increases  the  rate  of  ionic  de¬ 
sorption  by  lowering  the  required  heat-of-desorption. 
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The  rate  constant  K  for  ionic  desorption  is  given  as 
K  =  v  •  exp  (-Q/kt) 

where  v  is  the  vibrational  frequency  (101J  sec  *),  and 
Q  is  the  heat  of  ionic  desorption,  reduced  from  the 
thermodynamic  value  Q° 

Q°  =  Ha  +  IP  -  $ 

by  a  Schottky  term,  3 . 8n3^  ^ 

Q  =  Q°  -  3.8n3/2F1/2 

where  Ha  =  Heat  of  desorption  of  neutral  molecule 
IP  =  Ionization  potential 
4>  -  Work  function  of  the  surface 

F  =  Applied  field  in  V/A° 
n  =  Charge  of  the  evaporating  ion 

The  effect  of  the  field  can  be  more  clearly  seen 
by  inspecting,  the  changes  in  the  energy  levels  of  the 
surface-molecule  interaction  on  Application  of  the 
field.  Figure  8  shows  such  energy  levels  when  IP-<f>  is 
a  large  positive  value.  This  is  usually  the  situation 
for  organic  molecules  adsorbed  on  the  surface.  For 
these  molecules  the  IP  is  between  9-12  ev  and  <j>  varies 
between  4-6  ev.  Figure  8b  shows  that  in  the  presence 
of  a  strong  field  the  ionic  curve  "crosses"  the  atomic 
curve  at  Xc .  (In  fact  the  curves  repel  rather  than 
cross  because  there  are  no  symmetry  or  spin  differences 
which  permit  degeneracy  in  the  two  states.)  On  thermal 
excitation  the  desorption  from  the  atomic  ground  state 
will  result  either  in  the  emission  of  an  ion  by  adia¬ 
batic  transition,  i_.e. ,  field  ionization  at  or  beyond 
Xc,  or  by  the  emission  of  a  neutral  by  non- adiabatic 
transition  along  the  atomic  curve.  At  very  high  fields 
(Figure  8c),  the  intersection  point,  Xc,  comes  so  close 
to  the  surface  that  Q  is  greatly  reduced.  The  re¬ 
sulting  separation  of  the  two  states  becomes  so  large 
that  desorption  of  the  molecule  can  only  occur  in  ionic 
form.  Also  note  that  the  probability  of  ionic  de¬ 
sorption  increases  as  the  polarizibility  (a)  of  the 
molecule  increases,  due  to  the  lowering  of  energy  of 
ionic  desorption  by  1/2  aF2.  This  latter  term  cor¬ 
responds  to  the  polarization  energy  of  the  molecule. 
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Despite  the  above  treatment,  there  does  not  exist 
a  comprehensive  theory  which  can  account  for  all  the 
results  obtained  in  FD  experiments  with  large  organic 
molecules.  Neither  is  it  possible  to  pinpoint  the 
magnitude  of  field  generated  near  the  surface  of  the 
emitter  in  commercial  FD  instruments.  At  a  given 
applied  potential  the  strongest  electrical  fields  are 
generated  at  surfaces  having  the  smallest  radii  (i_.e.  , 
sharpest  points).  Therefore,  field  desorption  is 
thought  to  occur  from  the  tip  of  the  carbon  dendrite  on 
the  emitter,  and  molecules  are  thought  to  migrate  to 
the  dendrite  tip  with  the  aid  of  thermal  energy, 
through  some  type  of  fluid  structure  formed  on  the 
surface . 

Recently,  Holland  e_t  ad.  (29)  observed  that  c. 
normal  field  desorption  mass  spectrum  can  be  obtained, 
at  the  usual  emitter  temperature,  without  the  appli¬ 
cation  of  high  (10KV)  external  voltage  (the  desorption 
field).  This  work  is  reviewed  in  another  chapter  in 
this  volume.  Since  the  ion  accelerating  voltage  (3KV) 
was  left  on  in  their  experiments,  a  field  on  the  order 
of  103V/cm  is  still  present  in  the  vicinity  of  the 
emitter.  From  their  experiments,  Holland  et  al . , 
concluded  that  the  sample  transport  and  desorption  is 
independent  of  the  applied  voltage  over  the  range  7KV 
to  12KV.  To  explain  their  results,  Holland  et  al. 
postulated  an  ionization  model  in  which  the  ITeT?,  if 
present,  merely  acts  as  a  vehicle  to  remove  ions  once 
they  are  formed  by  chemical  reactions  in  a  semi-fluid 
layer  of  sample  molecules  on  the  surface  of  the  emit¬ 
ters.  In  our  laboratory,  we  have  recently  employed  FD 
emitters  as  solid  probes  under  Cl  conditions  and  agree 
with  Holland  that,  for  many  molecules,  the  presence  of 
a  high  external  field  is  unnecessary.  Our  experiments 
are  conducted  on  a  Finnigan  quadrupole  mass  spectro¬ 
meter  without  application  of  an  external  field  to  the 
emitter.  It  is  important  to  note,  however,  that  our 
experiments  were  conducted  under  Cl  conditions  while 
Holland  et^  al.  carried  out  their  experiments  under  El 
conditions . 

All  of  our  studies  have  been  performed  on  Finnigan 
model  3200  or  3300  quadrupole  instruments  equipped  with 
Cl  ion  sources  and  an  INCOS  Model  2300  data  system. 
Methane  at  0.5  torr  pressure  was  used  as  the  reagent 
gas,  with  the  ion  source  temperature  between  100-250°C. 
Normal  field  desorption  emitters  were  used.  Sample 
preparation  involved  placing  a  drop  of  solution  con¬ 
taining  the  sample  in  a  suitable  solvent  on  the  surface 
of  the  emitter  using  a  10  y£.  syringe.  The  sample  was 
introduced  to  the  ionization  chamber  by  removing  the 
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repeller  assembly  from  the  Cl  ion  source  and  by  pres¬ 
sing  the  FD  emitters  in  the  hole  thus  vacated.  In  this 
configuration  the  emitter  wire  is  situated  directly  on 
line  with  the  electron  entrance  hole,  3  mm  back  of  the 
ion-exit  slit.  The  spectra  were  generated  by  simply 
heating  the  emitter  wire  rapidly  and  scanning  the  mass 
spectrum  at  4  sec/decade. 

Many  salts,  e.£. ,  sodium  and  potassium  benzoates, 
creatine  and  arginine  hydrochlorides,  choline  chloride, 
and  thermally  labile  compounds  like  guanosine,  cyclic- 
adenosine  monophosphate  (C-AMP) ,  sugars,  dioxathan  (a 
pesticide)  and  arginine-containing  undervitized  pep¬ 
tides,  all  afford  spectra  containing  ions  which  facili¬ 
tate  assignment  of  sample  molecular  weight  as  well  as 
fragment  ions  characteristic  of  molecular  structure. 
Some  typical  spectra  are  shown  in  Figure  9.  None  of 
these  compounds  gives  an  ion  characteristic  of  molec¬ 
ular  weight  under  conventional  El,  Cl,  or  FI  (field 
ionization)  conditions. 

At  least  three  mechanisms  for  the  observed  desorp¬ 
tion  and  ionization  of  samples  on  emitter  surfaces 
under  Cl  conditions  deserve  consideration. 

Mechanism  I.  Thermal  desorption  of  sample 

followed  by  cnemical  ionization 
of  the  gaseous  neutral  molecule. 


As  the  emitter  current  (temperature)  is  increased,  a 
point  is  reached  where  the  crystal  lattice  of  the 
sample  breaks  down  and  migration  of  sample  molecules  to 
the  tips  of  the  carbonaceous  dendrites  occurs  in  the 
resulting  semi-fluid  state.  Desorption  from  the 
emitter  surface  occurs  at  a  lower  temperature  than  that 
required  for  desorption  from  conventional  solids 
probes  because  the  surf ace- sample  bonding,  and  sample- 
sample  interactions  are  minimized  at  the  tips  of  the 
carbonaceous  dendrites. 

Mechanism  tI.  Field  desorption  and  ionization 
mediated  by  Cl  reagent  ions 

This  mechanism  is  analagous  to  that  operating  under 
conventional  field  desorption  conditions  except  the 
required  strong  field  is  provided  by  the  ions  in  the  Cl 
reagent  gas  rather  than  by  an  external  10KV  potential 
difference  applied  to  the  emitter  and  draw-out  plate. 
According  to  Mechanism  II,  sample  molecules  migrate  to 
the  tips  of  the  emitter  dendrites  at  some  critical 
temperature.  There  they  experience  a  field  generated 
by  nearby  ions  in  the  reagent  gas  plasma.  This  field 
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Figure  9.  Activated-emitter,  solid-probe,  NH,  (OS  ton)  or  CH,  (05  ton)  Cl 
spectra  of:  (a)  methionyl-arginyl-phenylalanine,  (b)  raffinose,  (c)  creatin,  (d)  potas¬ 
sium  benzoate,  (e)  maytansine—a  large  macrocyclic  natural  product  with  anti¬ 
tumor  properties.  Ions  designated  by  an  asterisk  contain  a  methane  reagent  ion, 
C,Wf‘  or  C,H,\  plus  the  sample  molecule  or  a  neutral  fragment  derived  from  the 

temple  molecule. 
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lowers  the  energy  barrier  for  an  electron  to  tunnel 
from  the  sample  into  the  metal  and  facilitates  ioniza¬ 
tion  of  the  sample  on  the  emitter  surface  and  desorp¬ 
tion  of  the  resulting  ion.  In  order  for  the  ionization 
to  occur  by  this  mechanism,  the  fields  generated  by  the 
ionic  plasma  would  have  to  be  comparable  to  that 
required  for  conventional  FD  experiments  (ca.  IV/A°). 

We  have  attempted  to  estimate  the  magnitude  of  the 
field  induced  by  an  ion  in  the  close  vicinity  (4-5A°) 
of  a  molecule  absorbed  on  the  surface.  For  nonpolar 
molecules,  the  long  range  interaction  potential  due  to 
the  polarization  of  molecule  is  given  as 

V(r)  =  -ae2/2y4 

where  a  =  Average  polarizibility  of  the  molecule 
y  =  Internuclear  distance  between  the  ion 
and  the  molecule 
e  =  Unit  electric  charge 

For  large  organic  molecules,  at  small  distances,  the 
interaction  energy  can  be  between  0.1  to  1  eV.  For 
molecules  with  a  permanent  dipole  moment,  the  inter¬ 
action  is  increased  by  up  to  an  order  of  magnitude. 
These  interactions  are  estimated  by  "locked  dipole 
moment"  or  ADO  (average  dipole  orientation)  theories 

(30) .  Such  an  interaction,  when  impressed  over  very 
short  distances  (few  A°)  at  sharp  points,  can  generate 
strong  electrical  fields.  These  fields  can  be  esti¬ 
mated  using  the  equations  developed  by  Eyring  et  al . 

(31)  which  relate  the  potential  gradients,  field’s, 
generated  at  the  end  of  a  sharp  metal  point  separated 
by  a  given  distance  from  the  counter  electrode,  with 
the  applied  potential  and  the  coordinates  of  the  metal 
point.  Under  our  conditions  the  counter  electrode  is 
replaced  by  ions.  Results  of  these  calculations  point 
to  fields  on  the  order  of  0.05  to  0.5V/A0  at  an  inter¬ 
nuclear  distance  of  4A° . 

Mechanism  III.  Chemical  ionization  of  the  sample 
on  the  emitter  surface  and  thermal 
desorption  of  the  resulting  ion. 

According  to  this  mechanism,  neutral  sample  molecules 
migrate  to  the  tips  of  the  emitter  dendrites  where  they 
are  ionized  by  a  chemical  reaction  with  a  Cl  reagent 
ion.  Energy  to  desorb  the  resulting  sample  ion  is 
provided  by  the  temperature  of  the  emitter,  the  exo- 
thermicity  of  the  ion-molecule  reaction  or  possibly  by 
fields  generated  by  the  ion  plasma  at  the  emitter 
surface . 


8.  hunt  and  sethi  Positive  and  Negative  Ion  Chemical  Ionization 


175 


Work  is  currently  in  progress  in  our  laboratory  to 
determine  which  of  the  above  mechanisms  is  responsible 
for  the  observed  results. 

Accurate  Mass  Measurement: 

Determination  of  molecular  composition  by  accurate 
mass  measurements  is  usually  accomplished  with  a  double 
focusing  magnetic  sector  mass  spectrometer  operating  at 
high  resolution  (>10,000)  in  part  to  resolve  sample 
ions  and  reference  ions  produced  simultaneously.  The 
accurate  mass  of  the  sample  ion  is  then  calculated  by 
extrapolation  from  the  measured  mass  of  a  nearby  ref¬ 
erence  ion.  Drawbacks  of  the  above  methodology  include 
-  the  high  cost  of  the  necessary  instrumentation,  low 
sensitivity  which  always  accompanies  operation  at  high 
resolution,  sample  ion  suppression  due  to  the  large 
quantifies  of  reference  compound  required  to  produce 
abundant  reference  ions  at  high  mass,  and  the  diffi¬ 
culty  in  using  the  method  for  GC-MS  analysis  due  to  the 
slow  scan  speeds  usually  required  to  maintain  adequate 
ion  current  at  high  resolution. 

To  overcome  this  problem,  Aspinal  e£  a_l.  (32),  in 
1975,  developed  a  technique  for  obtaining  accurate  mass 
measurements  at  low  resolution  using  a  double  beam 
magnetic  sector  mass  spectrometer.  In  this  method  two 
positive  ion  beams,  one  containing  ions  from  the  inter¬ 
nal  standard  and  one  beam  containing  ions  from  the 
sample  are  produced  in  two  separate  ion  sources,  passed 
through  the  same  magnetic  field  simultaneously,  and 
collected  separately  at  two  electron  miltipliers. 
Accurate  mass  measurements  (<1C  ppm)  under  GC  con¬ 
ditions  have  been  demonstrated  using  this  methodology, 
but  the  cost  of  the  necessary  instrumentation  is  still 
quite  high. 

In  an  effort  to  make  elemental  composition  data 
available  to  users  of  quadrupole  mass  spectrometers,  we 
have  recently  examined  the  possibility  of  obtaining 
accurate  mass  measurement  data  using  PPNICI  methodol¬ 
ogy.  Results  to  date  indicate  that  accurate  mass 
measurements  (<10  ppm)  can  be  achieved  while  operating 
at  unit  resolution  on  a  quadrupole  spectrometer  using 
scan  speeds  compatible  with  routine  GC-MS  conditions  (5 
sec  scan  cycle  time).  The  experimental  technique 
involves  recording  spectra  of  a  reference  substance 
(PFK)  and  sample  simultaneously  in  the  negative  ion 
mode  and  positive  ion  mode,  respectively.  This  is 
possible  because  the  PFK  negative  ion  current  is  600 
times  larger  than  the  corresponding  positive  ion  cur¬ 
rent.  Thus,  by  recording  spectra  of  sample  plus  a 
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trace  quantity  of  PFK,  it  is  possible  to  obtain  spectra 
where  reference  ions  only  appear  on  the  negative  ion 
trace  and  only  sample  ions  appear  on  the  positive  ion 
trace.  Accurate  mass  measurement  of  positively  charged 
sample  molecules  is  then  accomplished  by  using  an  INCOS 
Model  2300  data  system  to  scan  the  spectrum,  to  acquire 
data  simultaneously  from  both  positive  and  negative  ion 
multipliers,  to  determine  peak  centroids,  and  to  cal¬ 
culate  the  exact  mass  of  the  ions  on  the  positive  ion 
trace  based  on  their  positions  in  time  relative  to  PFK 
ions  in  the  negative  ion  trace. 

Multiple  spectra  of  sample  +  PFK  (trace)  are  re¬ 
corded  by  repetitively  scanning  the  quadrupole  instru¬ 
ment  over  a  mass  range  65-650  using  a  scan  cycle  time 
of  5  sec.  When  cocaine  was  analyzed  by  the  above 
procedure  and  data  from  any  five  consecutive  scans  were 
averaged,  measured  values  for  the  (M+H)+  ion  at  m/e  * 
304.155  were  found  to  be  within  10  ppm  (3  mmu)  oT 
theoretical  value.  It  is  important  to  note  that  no 
reference  compound  suppression  is  observed  in  this 
method,  since  only  a  trace  quantity  of  PFK  is  used. 

Conclusion 


In  this  chapter,  we  have  discussed  methods  of 
selective  ionization  using  both  positively  and  nega¬ 
tively  charged  reagent  gases.  The  combination  of  both 
techniques  in  a  single  mass  spectrometer  has  been  de¬ 
scribed  and  some  applications  presented.  A  particu¬ 
larly  useful  application  is  the  capability  to  obtain 
exact  mass  data  using  a  quadrupole  mass  spectrometer. 

In  addition,  a  new  technique  for  obtaining  mass  spectra 
of  nonvolatile  samples  has  been  outlined. 
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ELECTRON  CAPTURE  NEGATIVE  ION  CHEMICAL  IONIZATION 
MASS  SPECTROMETRY 

Donald  F.  Hunt  and  Frank  W.  Crow 

Department  of  Chemistry 
University  of  Virginia 
Charlottesville ,  Virginia  22901 

The  utility  of  the  electron  capture  negative  ion  chemical  ionization  technique  for  quantitating  organic 
compounds  by  conventional  GC-MS  selected  ion  monitoring  methodology  is  discussed.  Detection  of  dopamine, 
amphetamine,  and  A'  tetrahydrocannabinol  derivatives  at  the  attomol  (10  18  g)  level  is  reported. 
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Id  an  earlier  paper  we  described  new  methodology,  pulsed  positive  ion-negative  ion  Cl 
(PPINIC1)  [1],  which  facilitates  simultaneous  recording  of  positive  and  negative  ion  Cl  spectra  on  a 
quadrupole  mass  spectrometer.  Also  discussed  were  unique  analytical  applications  of  several 
negative  ion  chemical  ionization  (NICI)  reagent  gases  and  the  capability  of  NICI  to  provide 
conformation  of  sample  molecular  weight,  structural  information  complementary  to  that  obtained 
in  the  positive  ion  mode  of  operation,  and  sample  ion  currents  100  to  1000  times  greater  than  that 
available  from  positive  ion  methodology.  It  was  also  suggested  that  electron  capture  NICI  would 
facilitate  detection  and  quantitation  of  many  organics  at  the  10~l2-10'13  g  level  and  therefore 
would  find  widespread  use  as  a  technique  for  the  quantitation  of  trace  level  mixture  components 
by  combined  GC-MS. 

Here  we  discuss  the  analytical  potential  of  electron  capture  negative  ion  chemical  ionization 
in  greater  detail  and  provide  data  which  defines  the  lowest  level  of  sample  detection  achieved 
using  our  present  instrument  configuration.  Additional  information  concerning  analytical 
applications  of  positive  and  negative  ion  CIMS  can  be  found  in  a  recent  review  [2]. 

Formation  of  negative  ions  by  interaction  of  electrons  and  sample  molecules  can  occur  by 
three  different  mechanisms  (eq.  1-3),  each  of  which  is  dependent  on  electron  energy  [3,4].  Ions 
resulting  from  the  latter  two  processes  are  usually  produced  with  low  efficiency  from  most 
molecules  and  frequently  dominate  negative  ion  spectra  generated  with  high  energy  electrons.  In 
addition  many  of  these  fragment  ions  occur  at  the  low  mass  end  of  the  spectrum  and  are  therefore 
not  uniquely  characteristic  of  sample  molecule  structure. 


ca.  0  eV 

AB  +  e~ 

—*  AB  resonance  capture 

(1) 

0-15  eV 

AB  +  e- 

— »  A  4-  B”  dissociative  resonance  capture 

>  10  eV 

(2) 

AB  +  e" 

— ►  A+  +  B"  +  e  ion  pair  production 

In  contrast  to  the  above  situation,  many  sample  molecules  capture  near  thermal  energy 
electrons  and  are  converted  to  either  stable  molecular  anions,  M“>  or  high  molecular  weight 
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fragment  ions  (5).  When  this  process  proceeds  with  high  efficiency  it  becomes  ideally  suited  for 
use  in  the  quantitation  of  organic  molecules. 

Bombardment  of  methane  at  1  torr  with  100  eV  electrons  generates  CHsand  (ijHJ  ions 
in  high  abundance  [6|.  As  indicated  in  eq.  4-6,  formation  of  each  positive  reagent  ion  is 
accompanied  by  the  production  of  a  low  energy  electron.  Each  ionizing  event  removes  about  30  eV 
from  the  bombarding  electron  [7|  and  the  energy  of  the  incident  electron  beam  is  further  reduced 
by  additional  nonionizing  collisions  with  neutral  methane  molecules  (8).  Thus,  operation  of  a  mass 
spectrometer  under  methane  Cl  conditions  should  afford  a  mixture  of  both  positive  eagent  ions 
and  a  population  of  electrons  with  near  thermal  energies. 

2  CHa  -1-  2  e  —  CHt,  +  CH+3  +  H  +  2  e*  +  2  e  (41 

CHm  +  CH4  -*  CHs  4-  CHa  15) 

CH3+  +  CH4  -  Q.H4  +  H2  (6) 

Electron  Energy  Distribution.  Qualitative  evidence  concerning  the  electron  energv 
distribution  in  the  ion  source  under  Cl  conditions  was  obtained  by  comparing  the  maximum  signal 
generated  by  the  positive  methane  reagent  ions  with  that  produced  by  several  negatively  charged 
sample  molecules.  Results  are  summarized  in  Table  1. 


Table  1.  Energy  distribution  of  electrons  in  the  Cl  ion  source 


Sample 

Methane  positive 
ion  current  (nA) 

Sample  negative 
ion  current  (nA) 

Electron  energy 
window  («V) 

total 
electron 
populat ion 
consumed" 

SF„ 

2.51 

1.21  (SF-,( 

0.0  :0.03 

484 

0.12  <SF7,) 

0.0  -1.0 

54 

CH2Cl2 

2.85 

1.85  <cr> 

0.035-0.45 

654 

h2o 

2.77 

0.075  (OH") 

r6.4 

34 

Obtained  by  dividing  the  sample  negative  ion  current  by  the  methane  positive  ion  current. 


Interaction  of  sulfur  hexafluoride  with  low  energy  electrons  affords  two  ions  SF~6  and  SFs . 
Generation  of  SF*  occurs  over  a  narrow  electron  energy  range.  0.0  ±0.03  eV  [9J.  Production  of 
SF7  peaks  at  an  electron  energy  of  0.15  eV  and  falls  to  a  near  zero  level  for  electron  energies  in 
excess  of  1.0  eV  [9].  When  SFft  is  introduced  into  the  Cl  source  with  methane  as  the  reagent  gas. 
the  negative  ion  current  increases  with  increasing  sample  concentration  until  a  signal 
corresponding  to  1.21  nA  and  0.12  nA  is  obtained  for  SF6  and  SF;  respectively.  Addition  of  more 
sample  fails  to  increase  the  negative  ion  current.  Assuming  (1)  that  the  number  of  positive  ions 
and  the  number  of  negatively  charged  particles  (electrons  and  negative  ions)  are  equal  in  the  area 
of  formation  of  collectable  sample  ions,  and  (2)  that  extraction,  transport,  and  mass  analysis  of 
positive  and  negative  ions  occur  with  equal  facility,  the  above  results  suggest  that,  of  the  useable 
electrons  in  the  Cl  ion  source,  48%  have  energies  near  0.0  eV  and  53%  have  energies  less  than 
0.15  eV.  Experiments  with  methylene  chloride  which  affords  Cl'  on  capture  of  electrons  in  the 
energy  range  0.035-0.45  eV  [9J  indicate  that  65%  of  the  available  electron  population  possess 
energies  less  than  the  latter  value. 
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Production  of  H"  from  water  by  dissociative  electron  capture  requires  electrons  having 
energies  near  6.4  eV  [9].  formation  of  0  from  water  occurs  at  several  electron  energies.  6.5,  8.6, 
and  11.4  eV.  Both  of  these  ions  react  with  water  to  produce  OH\  Ion  current  measurements  on 
the  OH  ion  indicate 


H‘  +  H20  —  H2  +  OH" 

0~  +  HjO  —  HO  +  0H- 

that  only  3%  of  the  electron  population  has  the  necessary  energy  to  facilitate  dissociation  of  the 
water  molecule.  Much  larger  quantities  of  OH"  ions  are  probably  generated  near  the  electron  beam 
entrance  port  of  the  ion  source  but  the  above  experimental  data  indicate  that  few  if  any  of  these 
OH"  ions  successfully  diffuse  to  and  through  the  ion  exit  slit.  These  results  provide  support  for  the 
thesis  that  the  detected  ions  are  formed  very  close  to  the  ion  exit  aperture  of  a  Cl  source. 

Projected  Resonance  Electron  Capture  Sensitivity.  Gas  phase  positive  and  negative  ion 
molecule  reactions  which  proceed  at  the  diffusion  controlled  limit  exhibit  rate  constants  near 
1  X  lO"0  cm3  s'1  [10].  In  contrast  the  rate  constant  for  formation  of  a  negative  ion  by  resonance 
electron  capture  can  be  as  high  as  4X  10"'  cm’ s"1  [11]  or  ca.  400  times  greater  than  that  for  an 
ion  molecule  reaction.  Accordingly,  if  sample  molecules  are  converted  to  stable  positive  and 
negative  ions  on  every  encounter  with  CH* and  thermal  electrons  respectively,  the  negative  sample 
ion  current  should  exceed  the  positive  ion  sample  current  by  a  factor  of  ca.  400.  Ionization  by 
resonance  electron  capture  methodology  should  therefore  facilitate  detection  and  quantitation  of 
many  organic  molecules  at  levels  between  2  and  3  orders  of  magnitude  lower  than  that  accessible 
by  positive  ion  El  or  Cl  methodology.  At  present  quantitation  of  many  organics  can  be 
accomplished  at  the  low  picogram  level  using  GC-MS  in  combination  with  the  selected  ion 
monitoring  (SIM)  technique.  Operation  of  the  mass  spectrometer  under  Cl  conditions  in  the 
negative  ion  mode  should  extend  the  sensitivity  of  the  GC-MS  SIM  technique  to  the  low 
femtogram  (10"1 '  g)  or  attomol  (10_l*  mol)  level. 

For  the  detection  of  organic  samples  at  the  femtogram  level,  it  is  necessary  that  tl  e  sample 
form  a  molecular  anion  on  nearly  every  encounter  with  a  thermal  electron.  This  is  only  the  case 
when  resonance  electron  capture  is  exothermic,  i.e.,  the  molecule  has  a  positive  electron  affinity. 
Due  to  the  exothermicity  of  the  electron  capture  process,  the  resulting  anion  is  formed  in  an 
excited  state.  Excess  internal  energy  in  the  molecular  anion  can  be  dissipated  by  several  processes 
as  shown  in  Figure  1  [9].  Dissociation  via  simple  bond  cleavage  produces  a  radical  and  an  even 
electron  anion  whereas  elimination  of  a  neutral  molecule  from  affords  a  new  radical  anion. 
Since  the  internal  energy  of  most  molecular  anions  is  low  (0-2.5  eV)  fragmentation  pathways 


(7) 

(8) 


A8CD  *  a 


r« sonance 
capture 


,  -  ^  di  %  * 

AB  +•  CD  < - 


out  odetochment 


->  BC  +  AO 


c  ollisi  o  n  ol 
•  f  obi  li  z  a  tion 


asco  ♦  c  m. 


Figure  1 .  Energy  dissipation  modes  available  to  excited  molecular  anions,  M“ 
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involving  both  bond  formation  and  cleavage,  and  therefore  low  activation  energies,  tend  to 
predominant  in  many  electron  capture  negative  ion  Cl  spectra.  The  reverse  of  the  ionization  step, 
expulsion  of  an  electron  or  autodetachment,  is  also  significant  for  many  sample  anions  but 
becomes  unimportant  when  the  molecular  anion  can  disperse  the  excess  internal  energy  over  a 
large  number  of  accessible  overlapping  electronic  and  vibrational  states.  Under  Cl  conditions  (1 
torr  pressure  of  reagent  gas)  if  a  molecular  anion  fails  to  undergo  autodetachment  in  lO'-lO"1*  s,  it 
will  experience  a  stabilizing  collision  with  a  neutral  reagent  gas  molecule.  In  the  absence  of 
collisional  stabilization,  few  if  any  excited  molecular  anions  would  survive  the  period  of  milli¬ 
seconds  required  for  an  ion  to  traverse  the  distance  between  the  ion  source  and  the  detector  in  a 
quadrupole  mass  spectrometer. 

While  many  organic  samples  afford  negative  ion  currents  comparable  to  that  observed  in  the 
positive  ion  mode,  very  few  organic  structures  capture  thermal  electrons  and  form  either  stable 
molecular  ions  or  high  mass  fragment  ions  with  anything  near  unit  efficiency.  Despite  this  fact, 
ionization  by  resonance  electron  capture  will  undoubtedly  become  the  method  of  choice  for 
quantitating  many  trace  level  mixture  components  by  combined  gas  chromatography-mass 
spectrometry.  Most  organic  samples  have  to  be  derivatized  to  increase  their  volatility  and  to 
facilitate  passage  through  the  gas  chromatograph.  Realization  of  the  enhanced  sensitivity  inherent 
to  the  resonance  electron  capture  technique  can  be  achieved  by  employing  derivatives  which 
facilitate  high  efficiency  electron  capture  to  produce  sample  anions  which  have  a  low  probability  of 
undergoing  either  dissociation  or  autodetachment. 

To  illustrate  the  analytical  potential  of  the  above  methodology,  we  report  positive  and 
negative  ion  Cl  mass  spectra  as  well  as  negative  ion  detection  limits  for  several  derivatives  of 
phenols  and  amines  under  GC-MS  conditions.  As  shown  in  Table  2,  the  silylated  Schiff  base 
derivative  formed  from  pentafluorobenzaldehyde  and  dopamine  affords  a  negative  ion  Cl  mass 
spectra  in  which  the  molecular  anion  carries  95%  of  the  negative  ion  sample  current.  At  low 
sample  concentration  in  the  ion  source,  the  current  carried  by  this  ion  exceeds  that  of  the  most 
abundant  positive  ion  by  two  orders  of  magnitude  (N/P=102).  The  tetrafiuorophthaloyl  derivative 
of  amphetamine  and  the  perfluorobenzoyl  derivatives  of  amphetamine  and  <V’- 
tetrahvdrocannabinol  behave  in  a  similar  manner  and  afford  electron  capture  negative  ion  spectra 
in  which  the  molecular  anion  or  anM'  -HF  ion  carries  most  of  the  sample  ion  current.  In  each  case 
the  ratio  of  negative  sample  ion  current  to  positive  sample  ion  current  exceeds  102. 

Previously  we  reported  that  the  N/P  ratio  obtained  at  low  levels  of  perfluorobenzoyl 
amphetamine  also  held  at  the  detection  limit;  500  pg  (S/N=4/l)  in  the  positive  ion  mode  and  5 
pg  (S.N  =  4/1)  in  the  negative  ion  mode  [1J.  The  negative  ion  detection  limits  reported  in  Table  3 
were  obtained  using  the  newly  developed  conversion  dynode  electron  multiplier  [12).  In  this 
device  negative  ions  are  accelerated  into  a  metallic  surface  held  at  a  high  positive  potential 
(4-2500  V)  and  placed  several  millimeters  away  from  the  face  of  a  Galileo  Model  #4770 
continuous  dynode  electron  multiplier  (Galileo  Electrooptics  Corporation,  Sturbridge,  Mass.). 
Positively  charged  sample  and/or  metal  ions  generated  as  a  result  of  negative  ion  impact  on  the 
conversion  dynode  are  then  collected  on  the  first  dynode  (-2000  V)  of  the  nearby  conventional 
positive  ion  electron  multiplier. 

With  the  above  detection  system  the  noise  on  both  the  positive  and  negative  ion  signal  is 
equal  and  a  factor  of  10  less  than  that  observed  on  our  earlier  negative  ion  detector  f  1  ].  By 
improving  the  S/N  ratio  we  now  find  that  the  limit  of  detection  is  between  10-25  fg  (20-50 
attomols)  for  each  of  the  four  compounds,  1-4  (Table  2).  Tracings  of  the  actual  data  recorded  in 
the  SIM  mode  for  the  dopamine  derivative  1  are  shown  in  Figure  2. 

It  is  important  to  note  that  the  enhanced  sensitivity  reported  above  is  achieved  by  simply 
switching  the  sample  ionization  mode  from  positive  ion  Cl  to  electron  capture  NICI.  All  other 
instrumental  parameters  remain  unchanged.  We  wish  also  to  emphasize  the  significance  of  the 
N/P  ratio  obtained  at  low  sample  concentration.  This  ratio  is  a  direct  measure  of  the  ionization 
efficiency  in  the  positive  ion  and  negative  ion  mode  of  operation  and  should  remain  constant  when 
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Lowest  levels  of  detection  achieved  using  electron  capture  negative  ion  Cl\fS 


Sample  quantity  injected 
Compound  onto  lit!  column  S/S" 
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Figure  2.  Response  obtained  by  monitoring  the  M"  i«n  (m/e  475)  of  the  dopamine  derivative  under  G(»-MS  conditions 
with  the  instrument  operating  in  the  SIM  mode.  Signals  correspond  to  three  successive  injections  of  2.5  pg.  250  fg.  and 
25  fg  samples  respectively. 


determined  on  different  spectrometers.  Thus,  if  the  lowest  level  of  detection  in  the  positive  ion 
mode  is  known  on  a  given  instrument,  the  N/P  ratio  reported  here  can  be  employed  to  calculate 
the  lowest  level  of  detection  achievable  on  the  same  equipment  using  EC-NICI  methodology.  In 
contrast,  absolute  lowest  levels  of  detection  reported  under  either  positive  ion  Cl  or  EC-NICI 
conditions  are  dependent  on  many  experimental  parameters  other  than  ionization  efficiency  and 
therefore  can  be  expected  to  vary  from  laboratory  to  laboratory. 

In  addition  to  providing  enhanced  sample  ion  current,  the  use  of  EC-NICI  for  quantitation 
of  organics  may  also  result  in  significantly  reduced  background  noise  and  a  lower  probability  that 
a  sample  ion  at  a  particular  m/e  ratio  will  be  obscured  by  the  presence  of  a  fragment  ion  derived 
from  a  high  molecular  weight  contaminant  unresolved  from  the  sample  by  the  GC  conditions 
employed  in  the  analysis.  We  pointed  out  earlier  that  most  organic  molecules  do  not  suffer 
efficient  ionization  on  interaction  with  thermal  electrons  in  the  gas  phase.  Through  proper  choice 
of  derivatizing  agents  it  is  possible  to  selectively  enhance  the  ion  current  derived  from  the  analyte 
without  increasing  the  ion  current  due  to  other  molecules  in  the  sample  mixture.  Although  this 
aspect  of  the  EC-NICI  method  may  be  important  in  many  quantitation  studies,  it  must  also  be 
mentioned  that  trace  quantities  of  impurities  with  high  electron  affinities  (i.e.,  molecules 
containing  halogen)  can  seriously  deplete  the  population  of  electrons  in  the  ion  source  available  for 
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sample  ionization.  A  sharp  drop  in  sample  sensitivity  results.  For  this  reason  hahxarbons  are 
undesirable  solvents  for  use  in  eleetron  eapture  GC-MCIMS  studies. 

Comparison  <>/  /  (.-(>(  and  /. (.-  \ l (IMS  since  the  meehanism  of  sample  ionization  i-  the 
same  under  both  EC-GC  and  EC-MCI  eonditions.  it  is  perhaps  appropriate  to  comment  on  the 
analytical  potential  of  the  two  techniques.  Detection  of  organic*  under  EC-GC  conditions  is 
accomplished  by  passing  the  sample  through  a  chamber  containing  a  population  ->f  thermal 
electrons  and  by  monitoring  the  electron  current  passing  through  two  electrodes  placed  within  the 
chamber  [8].  A  decrease  in  the  standing  current  occurs  when  sample  molecules  capture  electrons 
and  are  converted  to  negative  ions  which  in  turn  suffer  neutralization  bv  the  three  bodv  recombina¬ 
tion  of  positive  and  negative  ions  mediated  by  the  carrier  gas.  The  theoretical  detection  limit  of  the 
EC-GC  detector  is  estimated  to  be  330  attomols  ( ]  0  ,H  mid)  [8],  Because  the  EC-MCI  technique 
measures  negative  ion  abundance  rather  than  variations  in  the  standing  electron  current,  it  is 
expected  that  the  mass  spectrometric  technique  will  be  at  least  10-100  times  more  sensitive  than 
present  EC-GC  detectors.  The  experimental  EC-MCI  detection  limits  reported  in  this  paper  already 
exceed  the  above  theoretical  limits  of  the  EC-GC  detector  bv  a  factor  of  10.  Information 
concerning  sample  molecular  weight  and  structure  furnished  bv  the  mass  spectrometer  further 
enhance  the  value  of  the  EC-MCI  technique.  Of  course,  if  the  dominant  sample  ionization 
mechanism  is  dissociative  electron  rapture  to  produce  small  anions  such  as  CI\  no  advantage  is 
gained  by  employing  the  more  expensive  EC-MCI  methodology. 

Biological  Assav.  The  first  biological  assay  using  the  GC-MS  electron  capture  MCI 
technique  has  recently  been  developed  by  Markey  and  coworkers  [13].  Quantitative  analysis  of 
Melatonin,  (N-acetyl-s'-methoxvtrvptamine),  in  the  form  of  a  perfluoropropionyl  derivative  has 
been  accomplished  at  the  100  fg  level  in  human  plasma  using  the  GC-MS  SIM  technique  with  the 
spectrometer  operating  in  the  EC-MCI  mode. 

Acknowledgment 

This  research  was  supported  by  the  L.S.  Army  Research  Office  (DAAG-29-76-G-052). 

References 

|l|  Hum.  (I.  V  .  Stafford.  (,.  C.  Jr.  Crow.  F.  «..  and  Ru—dl.  J  *  ..  Anal.  C.hem.  +8.  2008  11076). 

[21  Hum.  I)  f.  -od  «.,thi.  S.  K  ACS  Symposium  Scries  No.  70.  “High  Performance  Mass  Spectrometry :  Chemical 
Application*.,**  M.  |„  Groni.  M„  Amer.  Lhem.  Soc.,  1978. 

m  b»  v»ie.  J.  If.  and  William..  B.  I)..  “MTP  International  Review  of  Science.  Phvsiral  (.hemistry,  Series  Two."  \ol.  5,  A. 
Macroll.  Ed..  Butterworth.  London  (1975)  pp.  89-127. 

|4|  Hillard.  J.  .  (.hem.  Rev  73.  589(1975). 

|5|  von  Ardenne.  M..  Stemfelder.  K..  and  Tummler.  R..  “Klectronenanalagerungs — Ma>»enspektrographie  Oreaniw«  her 
Sub-tan/en."  Springer- VerU^.  New  York  (1971). 

|6]  Field.  F.  H..  "MTP  International  Review  of  Soi..  Physical  Chemistry.  Series  One,”  Vol.  5.  A.  Man-oil.  Ed.. 
Butterworth.  London  (1972)  pp.  133-18.5. 

(7)  Klotz.  L,  “Fundamental  Processes  in  Radiation  Chemistrv,”  P.  Ausloos,  Ed.,  John  Wiley  and  Sons.  New  Aork, 

( I9f»8)  p.  40 

(H|  IVIlirran.  F,.  I)..  /  f'hrnmalnirr.  98,324(1974). 

|9|  (.hri-tophornu,  |„  "Atomic  and  Mole*  ular  Radiation  Physics.”  W'iley  Interscienre,  New  York  (1971)  (.hapter  6. 

( 1 0 1  l.iaw.  S  (f.  and  A  u- 1*  mis.  P..  "Ion  Molecule  Reactions.**  Amer.  (.hem.  S<x\.  Washington,  D.C.  (1975)  Chapter  4. 

1 1  1 1  (.hi.  *opht»r«m.  I.  <»..  ('hem.  Rev  76,  4()9{1976|. 

|12|  Stafford.  <•  (  ..  Jr..  Patent  Pending. 

(13|  Marke\.  S  P.  Irwv.  \.  J..  Zvadil.  A.  P..  Poppiti,  J.  A.,  and  Hoveling.  A.  W..  25th  Annual  Conference  on  Mass 
Spe«  trometrv  and  Allied  Topics.  W  ashington.  D.C,  May  29-June  3,  1977,  Abstract  No.  TF6,  p.  276. 


Reprinted  from  ANALYTICAL  (TlKMISTRY.Vol.  19.  I ‘age  1HW4.  October  1977 
Copyright  1977  by  the  American  Chemical  Society  and  reprinted  by  permission  ot  the  copyright  owner 


Determination  of  Molecular  Compositions  on  a  Quadrupole  Mass  Spectrometer  by 
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Accurate  mass  measurement  ( <10  ppm)  at  low  resolution 
has  been  demonstrated  on  a  double  beam  magnetic  sector 
mass  spectrometer  using  one  beam  for  perfluorokerosene 
(PFK)  reference  ions  and  the  other  beam  for  sample  ions  (1). 
Here  we  describe  methodology  which  resolves  sample  and 
reference  ions  within  a  single  ion  beam  on  a  quadrupole  mass 
spectrometer  and  thereby  facilitates  accurate  mass  mea¬ 
surement  at  unit  resolution  on  this  type  of  instrumentation 
(2). 

EXPERIMENTAL 

Spectra  were  recorded  on  Finnigan  Model  3300  quadrupole 
mass  spectrometer  equipped  with  standard  Cl  source  and  an  Incos 
model  2300  data  system.  Primary  ionization  of  the  methane  Cl 
reagent  gas  was  accomplished  using  80-eV  electrons  generated 
from  a  heated  rhenium  filament.  The  methane  Cl  reagent  gas 
pressure  was  maintained  at  0.5  Torr. 

RESULTS  AND  DISCUSSION 

Positive  ion  and  negative  ion  chemical  ionization  (Cl)  mass 
spectra  can  be  recorded  simultaneously  on  a  Finnigan  Model 
3300  quadrupole  mass  spectrometer  by  pulsing  the  polarity 
of  the  voltage  applied  to  the  ion  source  at  20  kHz  and  by  using 
two  electron  multipliers  to  detect  separately  the  packets  of 
positive  and  negative  ions  passing  in  rapid  succession  through 
the  quadrupole  mass  filter  (3). 

With  methane  as  the  Cl  reagent  gas,  positively  charged 
sample  ions  are  generated  by  proton  transfer  from  CH5*  and 
CH- to  the  neutral  sample  molecule.  Negative  ions  are 
formed  when  sample  molecules  capture  thermal  electrons 
produced  in  high  abundance  in  the  Cl  ion  source  (3).  Under 
the  above  experimental  conditions,  both  the  positive  ion  and 
negative  ion  spectra  of  PFK  exhibit  abundant  fragment  ions 
at  regularly  spaced  intervals  ( 12-14  amu)  over  the  mass  range 
100-850.  Fortunately,  the  quantity  of  PFK  required  to 
produce  a  dissociative  electron  capture  negative  ion  spectrum 
is  ca.  600  times  less  than  that  required  to  generate  a  positive 
ion  CI(CH.)  spectrum.  Thus,  if  the  pulsed  positive  ion 
negative  ion  (PPINI)  Cl  mass  spectrum  of  sample  containing 
a  trace  of  PFK  is  recorded,  only  ions  derived  from  the  sample 
appear  on  the  positive  ion  trace.  Ions  of  known  composition 
derived  from  the  internal  standard,  PFK,  appear  only  on  the 
negative  ion  trace.  Accurate  mass  assignment  of  positively 


charged  sample  ions  is  accomplished  using  an  Incos  Corpo¬ 
ration  Model  2300  data  system  to  scan  the  spectrometer,  to 
acquire  data  simultaneously  from  both  positive  and  negative 
ion  electron  multipliers,  to  determine  peak  centroids,  and  to 
calculate  the  exact  mass  of  ions  on  the  positive  ion  trace  based 
on  their  position  in  time  relative  to  that  of  PFK  ions  acquired 
simultaneously  on  the  negative  ion  trace. 

To  evaluate  the  accurate  mass  measurement  potential  of 
the  above  methodology,  100  PPINICI(CH4)  spectra  of  a 
PFK(trace)-cocaine  mixture  were  acquired  by  repetitively 
scanning  the  quadrupole  spectrometer  over  the  mass  range 
65-650  using  a  scan  cycle  time  of  5  s.  The  mass  measurement 
error  on  the  cocaine  M  +  H+  ion  at  m/e  304.155  was  found 
to  be  <10  ppm  (3  mmu)  for  53%  of  the  scans,  <17  ppm  for 
70%  of  the  scans,  and  <30  ppm  for  95%  of  the  scans.  When 
the  measurements  on  any  five  consecutive  scans  were  aver¬ 
aged,  the  resulting  error  was  found  to  be  <7  ppm  (2  mmu) 
for  66%  of  the  determinations,  <10  ppm  for  84%  of  the 
determinations,  and  <13  ppm  for  98%  of  the  determinations. 

In  principle,  mass  measurement  accuracy  indenticaJ  to  that 
above  could  be  achieved  using  only  the  positive  ion  mass 
spectrum  of  PFK -sample  mixtures  as  long  as  there  was  no 
overlap  of  sample  and  reference  peaks.  The  PPIN1CI 
methodology  is  superior  to  this  approach  since  it  eliminates 
the  possibility  of  sample  and  reference  ion  overlap.  In  addition 
the  quantity  of  PFK  required  by  the  PPINICI  technique  is 
small  enough  that  suppression  of  sample  ion  formation  by  the 
internal  standard  is  not  observed. 
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In  this  paper  we  discuss  the  analytical  potential  of  electron 
capture  negative  ion  chemical  ionization  mass  spectrometry, 
provide  data  which  define  the  lowest  level  of  sample  detection 
achieved  with  our  present  instrument  configuration,  and  furnish 
experimental  details  on  the  operation  of  a  negative  ion 
chemical  ionization  quadrupole  mass  spectrometer.  Detection 
of  dopamine,  amphetamine,  and  ^’-tetrahydrocannabinol 
derivatives  at  the  attomole  (10  ")  level  by  conventional  GC-MS 
selected  ion  monitoring  methodology  is  reported. 


In  an  earlier  paper  we  described  new  methodology,  pulsed 
positive  ion-negative  ion  Cl  (PPINICI)  (I),  which  facilitates 
simultaneous  recording  of  positive  and  negative  ion  Cl  spectra 
on  a  quadrupole  mass  spectrometer.  Also  discussed  were 
unique  analytical  applications  of  several  negative  ion  chemical 
ionization  (NICI)  reagent  gases  and  the  capability  of  NICI 
to  provide  conformation  of  sample  molecular  weight,  structural 
information  complementary  to  that  obtained  in  the  positive 
ion  mode  of  operation,  and  sample  ion  currents  100  to  1000 
times  greater  than  that  available  from  positive  ion  metho¬ 
dology.  It  was  also  suggested  that  electron  capture  NICI  would 
facilitate  detection  and  quantitation  of  many  organics  at  the 
10  12  10  12  g  level  and  therefore  would  find  widespread  use 
as  a  technique  for  the  quantitation  of  trace  level  mixture 
components  by  combined  GC-MS. 

In  this  paper  we  discuss  the  analytical  potential  of  electron 
capture  NICI  in  greater  detail,  provide  data  which  define  the 
lowest  level  of  sample  detection  achieved  using  electron 
capture  NICI  with  our  present  instrument  configuration,  and 
furnish  additional  experimental  details  on  the  operation  of 
a  NICI  quadrupole  mass  spectrometer. 

Papers  describing  unusual  negative  ion-molecule  isotope 
exchange  reactions  12),  the  utility  of  OH  as  a  Cl  reagent  ion 
(3),  electron  capture  NICI  methodology  for  detecting  metal 
chelates  <  /(,  and  the  first  biological  assay  using  the  GC-MS 
electron  capture  NICI  technique  (.5)  have  appeared  recently. 
A  review  of  negative  ion  CIMS  (6‘)  and  a  paper  reporting 
negative  ion  studies  under  atmospheric  pressure  ionization 
conditions  have  also  been  published  (7). 

EXPERIMENTAL 

General.  All  spectra  were  recorded  on  a  Finnigan  model  3300 
quadrupole  mass  spectrometer  (Finnigan  Corp.,  Sunnyvale,  Calif.), 
equipped  with  a  standard  Cl  source.  Primary  ionization  of  the 
Cl  reagent  gas  was  accomplished  using  a  100-eV  beam  of  electrons 
generated  from  a  heated  rhenium  filament.  Reagent  gas  and 
sample  pressures  were  maintained  at  0.6  0.8  Torr  and  <10  1  Torr, 
respectively.  Source  temperatures  were  in  the  range  of  100-150 
°C  unless  otherwise  specified.  Sample  introduction  was  ac¬ 
complished  by  means  of  a  Finnigan  model  9500  gas  chromatograph 
interfaced  to  the  Cl  source  via  a  heated  glass  capillary  flow 
restrictor  */tooo  inch  in  diameter.  Methane  (99.9%)  was  purchased 
from  Matheson  Gas  Products,  Inc.,  East  Rutherford,  N.J.,  and 
passed  through  a  Hydro-Purge  gas  filter  (Applied  Science 
Laboratories,  Inc.,  State  College,  Pa.)  before  use  as  both  the  GC 
carrier  gas  and  Cl  reagent  gas.  For  the  determination  of  detection 
limits  reported  in  Table  II,  a  1-aL  volume  of  sample  dissolved 
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in  a  suitable  solvent  was  injected  onto  a  5-ft  by  '/«  -inch  o.d., 
silylated.  and  conditioned  glass  column  packed  with  either  OV-1 
(37c)  or  OV-1"  (37o)  on  60/80  Gas  Chrom  Q.  The  reported 
detection  limit  values  refer  to  total  amount  of  sample  injected 
on  column. 

Solutions  containing  the  proper  concentration  of  sample  were 
prepared  by  consecutive  dilution  of  stock  solutions.  In  all  cases, 
solvent  “blanks"  injected  immediately  prior  to  sample  injections 
produced  a  base-line  signal.  The  origin  of  most  “ghost"  peaks 
observed  on  injection  of  solvent  blanks  was  found  to  be  absorption 
of  sample  onto  the  GC  septum.  This  problem  was  alleviated  by 
changing  the  septum  frequently  and  by  avoiding  injection  of 
samples  larger  than  10  pg  onto  the  column. 

Chemicals  and  Derivatives.  Silylating  agents  and  DMF  were 
purchased  from  Pierce  Chemical  Co.,  Rockford,  Ill. 

All  fluorinated  reagents  were  obtained  from  PCR,  Inc., 
Gainesville,  Fla.  Dopamine  was  purchased  from  Sigma  Chemical 
Corporation,  St.  Louis,  Mo. 

Synthesis  of  the  Pentafluorobenzylimine-Trimethylsilyl 
Derivative  of  Dopamine  ( 1 ).  Preparation  of  I  was  accomplished 
by  modifying  the  procedure  of  Lhuguenot  and  Maume  (8). 
Dopamine  hydrochloride  1  mg,  (5.3  mmol),  dimethylformamide 
(0.5  mL)  and  pentafluorobenzaldehyde  (10  uL)  were  placed  in 
a  capped  Pierce  Reacti-vial  and  heated  at  85  °C  for  5  min. 
N,0-Bis(trimethylsilyl)acetamide  (100  aL)  was  added  to  the  vial 
and  the  reaction  mixture  was  allowed  to  stand  at  room  tem¬ 
perature  for  15  min,  and  then  extracted  with  1  mL  of  high  purity 
hexane  (Burdick  and  Jackson  Laboratories,  Muskegon.  Mich.). 
The  hexane  extract  was  used  to  prepare  stock  solution  for  GC 
analysis.  GC  conditions  were:  column  (3  %  OV- 17)  temperature, 
200  °C;  injector  and  transfer  line  temperatures,  225  °C. 

Synthesis  of  the  Pentafluorobenzoyl  Derivative  of  A9- 
Tetrahydrocannabinol  (2).  A’-Tetrahydrocannabinol  (1  mg, 
3.2  amol),  pentafluorobenzoyl  chloride  (2.8  mg,  12  amol)  and 
several  drops  of  triethylamine  were  placed  in  0.2  mL  of  methylene 
chloride.  After  standing  for  several  minutes,  the  reaction  mixture 
was  placed  on  a  silica  gel  microcolumn  in  a  disposable  pipet  and 
eluted  with  methylene  chloride.  Compound  2,  1.6  mg,  was  ob¬ 
tained  as  a  yellow  oil.  Stock  solutions  for  GC-MS  analysis  were 
prepared  by  dissolving  this  oil  in  100  mL  of  methanol.  GC 
conditions  were:  column  (37o  OV-17)  temperature,  230  °C; 
injector  temperature,  250  °C;  and  transfer  line  temperature,  200 
°C. 

Synthesis  of  the  Pentafluorobenzoyl  Derivative  of 
Amphetamine  (3).  Amphetamine  (171  mg,  1  mmol),  penta¬ 
fluorobenzoyl  chloride  (230  mg,  1  mmol),  and  several  drops  of 
triethylamine  were  placed  in  10  mL  of  methylene  chloride  and 
the  resulting  mixture  was  stirred  at  room  temperature  for  15  min 
(9).  Evaporation  of  solvent  under  a  stream  of  nitrogen  afforded 
crude  product  which  was  purified  by  either  preparative  TLC  or 
microcolumn  chromatography  in  a  disposable  pipet  using  silica 
gel  as  the  absorbent  and  methylene  chloride  as  the  eluant.  Isolated 
yields  of  3  were  typically  257c.  Stock  solutions  for  GC  analysis 
were  prepared  by  dissolving  1  mg  of  3  in  100  mL  of  ethyl  acetate. 
GC  conditions  were:  column  (3%  OV-1)  temperature,  230  °C; 
injector  and  transfer  line  temperature,  260  °C. 

Synthesis  of  the  Tetrafluorophlhaloyl  Derivative  of 
Amphetamine  (4).  Amphetamine  hydrochloride  (342  mg,  2 
mmol),  tetrafluorophthalic  anhydride  (440  mg,  2  mmol),  tri¬ 
ethylamine  (300  p L,  2.1  mmol)  and  8  mL  of  toluene  were  heated 
under  reflux  while  water  was  removed  from  the  reaction  via  a 
Dean-Stark  trap  (10).  After  3  h,  the  reaction  mixture  was  filtered 
and  the  resulting  precipitate  was  triturated  with  acetonitrile. 
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Evaporation  of  the  acetonitrile  cave  a  yellow  oil  which  was  purified 
by  microcolumn  chromatography  on  silica  gel  in  a  disposable  pi j>et 
using  1,1  methylene  chloride;  hexane  as  the  eluant.  White 
crystalline  I  (40  mgt  (mp  143  143  Tl  was  obtained  on  evaporation 
of  the  solvent.  Stock  solutions  for  GC-MS  analysis  were  prepared 
by  dissolving  1  mg  of  4  in  100  mL  of  ethyl  acetate.  conditions 
were:  column  (3%  OV-ll  temperature,  330  °C;  injector  tem¬ 
perature.  375  °C;  and  transfer  line  temperature,  380  °C. 

Negative  Ion  Detection  System.  Methodology  for  recording 
positive  and  negative  ion  Cl  mass  spectra  simultaneously  on  a 
Finnigan  quadrupole  mass  spectrometer  has  been  described  in 
an  earlier  publication  (/).  The  technique  is  employed  here  to 
determine  the  ratio  of  the  ion  currents.  N/ 1*,  carried  by  the  most 
abundant  negative  and  positive  ions  derived  from  the  sample.  It 
is  important  to  note  that  this  measurement  must  be  carried  out 
on  a  small  quantity  of  sample  to  avoid  saturation  of  the  negative 
ion  signal.  In  our  present  instrumentation,  we  find  that  for 
efficient  electron  capture  agents  the  increase  in  negative  ion 
current  as  a  function  of  sample  concentration  can  become 
nonlinear  when  the  sample  size  exceeds  ca.  10  ng.  Saturation  of 
the  negative  ion  signal  can  occur  for  sample  quantities  as  low  as 
100  ng.  In  contrast  saturation  of  the  positive  ion  current  requires 
microgram  quantities  of  sample. 

Detection  of  negative  ions  from  femtogram  size  samples  is 
accomplished  using  the  newly  developed  conversion  dynode  (CD) 
electron  multiplier  developed  by  George  Stafford  of  Finnigan 
Corporation,  Sunnyvale,  Calif.  (11).  In  this  device,  negative  ions 
are  accelerated  into  a  metallic  surface  held  at  a  high  positive 
potential  (+2500  V)  and  placed  several  millimeters  away  from 
the  face  of  a  Galileo  Model  :4770  continuous  dynode  electron 
multiplier  (Galileo  Electrooptics  Corporation.  Sturbridge,  Mass.). 
Positively  charged  sample  and/or  metal  ions  generated  as  a  result 
of  negative  ion  impact  on  the  conversion  dynode  are  then  collected 
on  the  first  dynode  (-2000  V)  of  the  nearby  conventional  positive 
ion  electron  multiplier.  In  the  conversion  dynode  mode  of  op¬ 
eration,  noise  on  hoth  the  positive  and  negative  ion  signals  is  equal 
and  10  times  less  than  that  observed  on  the  negative  ion  signal 
from  our  earlier  detection  system.  Measurements  indicate  that 
the  gain  on  the  continuous  dynode  multiplier  increases  from  2 
to  5  x  10*  over  the  range  from  100  to  600  amu. 

Experiments  to  determine  the  lowest  level  of  sample  detectable 
by  electron  capture  negative  ion  CIMS  were  conducted  with  the 
spectrometer  operating  in  the  selected  ion  monitoring  mode. 
Measurements  were  made  with  a  Finnigan  Programmable 
Multiple  Ion  Monitor  (PROMIM)  and  Rikadenki  recorder  (Sol  tec 
Corporation,  Sunnyvale,  Calif.).  Maximum  signal  intensity  and 
S/N  ratio  were  obtained  by  optimizing  the  electron  beam  energy, 
filament  emission,  and  ion  source  and  lens  potentials.  Resolution 
was  adjusted  to  give  a  50%  valley  between  peaks. 

DISCUSSION  AND  RESULTS 

Bombardment  of  methane  at  1  Torr  with  100  eV  electrons 
generates  CH5*  and  C2H5+  ions  in  high  abundance  (12).  As 
indicated  in  Equations  1-3, 

2CH4  +  2e  -  CH/-  +  CH3+  +  H-  +  2e*  +  2e  (1) 

CH4+-  +  CH4  -  CIV  +  CH.i  (2) 

CH:)+  +  CH4  -  CgHs*  +  H2  (3) 

formation  of  each  positive  reagent  ion  is  accompanied  by  the 
production  of  a  low  energy  electron.  Each  ionizing  event 
removes  about  30  eV  from  the  bombarding  electron  (13)  and 
the  energy  of  the  incident  electron  beam  is  further  reduced 
by  additional  nonionizing  collisions  with  neutral  methane 
molecules  <  N).  Thus,  operation  of  a  mass  spectrometer  under 
methane  Cl  conditions  should  afford  a  mixture  of  both  positive 
reagent  ions  and  a  population  of  electrons  with  near  thermal 
energies. 

Gas  phase  positive  and  negative  ion  molecule  reactions 
which  proceed  at  the  diffusion  controlled  limit  exhibit  rate 
constants  near  1  x  10  9  cm3  s  1  (15).  In  contrast  the  rate 
constant  for  formation  of  a  negative  ion  by  resonance  electron 
capture  can  be  as  high  as  4  x  10  7  cm3  s'  (16)  or  ca.  400  times 


greater  than  that  for  an  ion  molecule  reaction.  Accordingly, 
if  sample  molecules  are  converted  to  stable  positive  and 
negative  ions  on  every  encounter  with  CH>+  and  thermal 
electrons,  respectively,  the  negative  sample  ion  current  should 
exceed  the  positive  ion  sample  current  hv  a  factor  of  ca.  400. 
Ionization  by  resonance  electron  capture  methodology  should 
therefore  facilitate  detection  and  quantitation  of  many  organic 
molecules  at  levels  2  orders  of  magnitude  lower  than  that 
accessible  by  positive  ion  El  or  Cl  methodology.  At  present, 
quantitation  of  many  organics  can  be  accomplished  at  the  low 
picogram  level  using  GC-MS  in  combination  with  the  selected 
ion  monitoring  (SIM)  technque.  Operation  of  the  mass 
spectrometer  under  Cl  conditions  in  the  negative  ion  mode 
should  extend  the  sensitivity  of  the  GC-MS  SIM  techniques 
to  the  low  femtogram  (10  15  g)  or  attomole  ( 10  18  mol)  level. 

For  the  detection  of  organic  samples  at  the  femtogram  level, 
it  is  necessary  that  the  sample  form  a  molecular  anion  on 
nearly  every  encounter  with  a  thermal  electron. 

Many  organic  samples  capture  low  energy  electrons  and 
undergo  dissociative  electron  capture  to  produce  low  mass 
fragments  (17-20).  Very  few  molecules  capture  thermal 
electrons  and  form  either  stable  molecular  ions  or  high  mass 
fragment  ions  with  anything  near  unit  efficiency.  Despite  this 
fact,  ionization  by  resonance  electron  capture  will  undoubtedly 
become  the  method  of  choice  for  quantitating  many  trace  level 
mixture  components  by  combined  gas  chromatography-mass 
spectrometry.  Most  organic  samples  have  to  be  derivatized 
to  increase  their  volatility  and  to  facilitate  passage  through 
the  gas  chromatograph.  Realization  of  the  enhanced  sensi¬ 
tivity  inherent  to  the  resonance  electron  capture  technique 
can  be  achieved  by  employing  derivatives  which  facilitate  high 
efficiency  electron  capture  to  produce  stable  sample  anions. 

To  illustrate  the  analytical  potential  of  the  above  meth¬ 
odology,  we  report  positive  and  negative  ion  Cl  mass  spectra 
as  well  as  negative  ion  detection  limits  for  several  derivatives 
of  phenols  and  amines  under  GC-MS  conditions.  As  shown 
in  Table  I.  the  silylated  Schiff  base  derivative  formed  from 
pentafluorobenzaldehyde  and  dopamine  affords  a  negative  ion 
Cl  mass  spectra  in  which  the  molecular  anion  carries  95%  of 
the  negative  ion  sample  current.  At  low  sample  concentration 
in  the  ion  source,  the  current  carried  by  this  ion  exceeds  that 
of  the  most  abundant  positive  ion  by  two  orders  of  magnitude 
(N/P  =  102).  The  tetrafluorophthaloyl  derivative  of 
amphetamine  and  the  perfluorobenzoyl  derivatives  of 
amphetamine  and  A9-tetrahydrocannabinol  behave  in  a  similar 
manner  and  afford  electron  capture  negative  ion  spectra  in 
which  the  molecular  anion  or  an  M— HF  ion  carries  most  of 
the  sample  ion  current.  In  each  case  the  ratio  of  negative 
sample  ion  current  to  positive  sample  ion  current  exceeds  102. 

Previously  we  reported  that  the  N/P  ratio  obtained  at  low 
levels  of  perfluorobenzoyl  amphetamine  also  held  at  the 
detection  limit;  500  pg  (S/N  =  4/1)  in  the  positive  ion  mode 
and  5  pg  (SN  =  4/1)  in  the  negative  ion  mode  (1).  The 
negative  ion  detection  limits  reported  in  Table  II  were  ob¬ 
tained  using  the  newly  developed  conversion  dynode  electron 
multiplier  (11).  In  this  system,  the  noise  on  both  the  positive 
and  negative  ion  signal  is  equal  and  a  factor  of  10  less  than 
that  observed  on  our  earlier  negative  ion  detector  (/).  By 
improving  the  S/N  ratio,  we  now  find  that  the  limit  of  de¬ 
tection  is  between  10-25  fg  (20-50  attomol)  for  each  of  the 
four  compounds,  1-4.  Tracings  of  the  actual  data  recorded 
in  the  SIM  mode  for  the  dopamine  derivative  I  are  shown  in 
Figure  1. 

It  is  important  to  note  that  the  enhanced  sensitivity  re¬ 
ported  above  is  achieved  by  simply  switching  the  sample 
ionization  mode  from  positive  ion  Cl  to  electron  capture  NICI. 
All  other  instrumental  parameters  remain  unchanged.  We 
wish  also  to  emphasize  the  significance  of  the  N/P  ratio 
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T^ble  I.  Methane  PPINICI  Mass  Spectra11 
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%  total  negative  sample  ion  current  current 


compound 


MW 

N/Pb 

M 

(M-HF)  ■ 

other  m/e  (%) 

(M  +  If 

other  m/e  {% 

47  5 

102 

95.0 

... 

385  (1.4),1' 
167  (3.7/ 

56.7 

504  (4.6),c 
460  (35.4) 
267  (3.3) 

508 

328 

90.1 
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48.6 

537  (14. 3), f 
296  (7.1),' 
195  (1 1 .4  ),#* 
135  (18.6) 

329 
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83.3 

289  (11.3),' 
212  (2.7), 

198  (2.7) 

45.4 

370  (1.1), d 
358  (7.0),c 
238  (30.4)/ 
118  (16.2) 

337 

678 

100 

34.7 

378  (0.8), d 
366  (2.8),c 
246  (30.2)/ 
245  (25.0), 
147  (6.7) 

a  Ion  source  temperature,  100  °  C;  ion  source  pressure,  600  p.  b  Ratio  of  the  most  abundant  negative  and  positive  sample 
ions  at  low  sample  concentration.  cd  Ions  resulting  from  the  attachment  of  C.H/  and  C,HS\  respectively,  to  the  sample. 
MM-(CH,),SiF)'-.  t  C6Fj'.  *  (M  +  1  -  C„F5COOH)‘.  h  C,F,CCr.  1  (M  -  2HF)  •.  '  (M  +  1  -  C6H,(CH,)\ 


Table  ll.  Lowest  Levels  of  Detection  Achieved  Using 
Electron  Capture  Negative  Ion  CIMS 


sample  quantity  injected 
compound  onto  GC  column  S/Na 

lb  25  fgc  (53  attomol)*1  4 

2b  10  fg  (20  attomol)  1 

3b  10  fg  (30  attomol)  4 

4(>  10  fg  (30  attomol)  12 

“  Signal  to  noise  ratio.  b  Structures  corresponding  to 
these  numbers  appear  in  Table  I.  c  1  fg  =  10' 15  g.  “1 
attomol  =  10  "  mol. 


obtained  at  low  sample  concentration.  This  ratio  is  a  direct 
measure  of  the  ionization  efficiency  in  the  positive  ion  and 
negative  ion  mode  of  operation  and  should  remain  constant 
when  determined  on  different  spectrometers.  Thus,  if  the 
lowest  level  of  detection  in  the  positive  ion  mode  is  known 
on  a  given  instrument,  the  N/P  ratio  reported  here  can  be 
employed  to  calculate  the  lowest  level  of  detection  achievable 
on  the  same  equipment  using  EC-NICI  methodology.  In 
contrast,  absolute  lowest  levels  of  detection  reported  under 
either  positive  ion  Cl  or  EC-NICI  conditions  are  dependent 
on  many  experimental  parameters  other  than  ionization 
efficiency  and  therefore  can  be  expected  to  vary  from  labo¬ 
ratory  to  laboratory. 

In  addition  to  providing  enhanced  sample  ion  current,  the 
use  of  EC-NICI  for  quantitation  of  organics  may  also  result 
in  significantly  reduced  background  noise  and  a  lower 
probability  that  a  sample  ion  at  a  particular  m/e  ratio  will 
be  obscured  by  the  presence  of  a  fragment  ion  derived  from 
a  high  molecular  weight  contaminent  unresolved  from  the 
sample  by  the  GC  conditions  employed  in  the  analysis.  We 
pointed  out  earlier  that  most  organic  molecules  do  not  suffer 
efficient  ionization  on  interaction  with  thermal  electrons  in 
the  gas  phase.  Through  proper  choice  of  derivatizing  agents, 
it  is  possible  to  selectively  enhance  the  ion  current  derived 
from  the  analyte  without  increasing  the  ion  current  due  to 
other  molecules  in  the  sample  mixture.  Although  this  aspect 
of  the  EC-NICI  method  may  be  important  in  many  quan¬ 
titation  studies,  it  must  also  be  mentioned  that  trace  quantities 
of  impurities  with  high  electron  affinities  (i.e.,  molecules 
containing  halogen)  can  seriously  deplete  the  population  of 
electrons  in  the  ion  source  available  for  sample  ionization.  A 
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Figure  1.  Response  obtained  by  monitoring  the  M“-  ion  (m/e  475)  of 
the  dopamine  derivative  under  GC-MS  conditions  with  the  instrument 
operating  in  the  SIM  mode.  Signals  correspond  to  three  successive 
injections  of  2.5  pg,  250  fg,  and  25  fg  samples,  respectively 

sharp  drop  in  sample  sensitivity  results.  For  this  reason, 
halocarbons  are  undesirable  solvents  for  use  in  electron 
capture  GC-NICIMS  studies. 

Comparison  of  EC-GC  and  EC-NICIMS.  Since  the 
mechanism  of  sample  ionization  is  the  same  under  both 
EC-GC  and  EC-NICI  conditions,  it  is  perhaps  appropriate  to 
comment  on  the  analytical  potential  of  the  two  techniques. 
Detection  of  organics  under  EC-GC  conditions  is  accomplished 
by  passing  the  sample  through  a  chamber  containing  a 
population  of  thermal  electrons  and  by  monitoring  the  electron 
current  passing  through  two  electrodes  placed  within  the 
chamber  (14).  A  decrease  in  the  standing  current  occurs  when 
sample  molecules  capture  electrons  and  are  converted  to 
negative  ions  which  in  turn  suffer  neutralization  by  the 
three-body  recombination  of  positive  and  negative  ions 
mediated  by  the  carrier  gas.  The  theoretical  detection  limit 
of  the  EC-GC  detector  is  estimated  to  be  330  attomol  (10'1*) 
(14).  Because  the  EC-NICI  technique  measures  negative  ion 
abundance  rather  than  variations  in  the  standing  electron 
current,  it  is  expected  that  the  mass  spectrometric  technique 
will  be  at  least  10-100  times  more  sensitive  than  present 
EC-GC  detectors.  The  experimental  EC-NICI  detection  limits 
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reported  in  this  paper  already  exceed  the  above  theoretical 
limits  of  the  EC-GU  detector  by  a  factor  of  10.  Information 
concerning  sample  molecular  weight  and  structure  furnished 
by  the  mass  spectrometer  further  enhance  the  value  of  the 
EC-NICI  technique.  Of  course,  if  the  dominant  sample 
ionization  mechanism  is  dissociative  electron  capture  to 
produce  small  anions  such  as  Cl  ,  no  advantage  is  gained  by 
employing  the  more  expensive  EC-NICI  methodology. 
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Use  of  activated  field  desorption  emitters  as  solids  probes  tor 
obtaining  Cl  mass  spectra  of  salts  and  thermaly  labSe  organics 
at  the  100  ng-1  ug  level  is  described.  Methane  Cl  spectra 
of  guanosine,  cyclic  adenosine  monophosphate,  creatine, 
choline  chloride,  arginine  hydrochloride,  dioxathon,  CBz- 
glycyl-prolyl-leucyl-alanyl-proline,  glycyl-histidyMysine,  and 
potassium  benzoate  are  discussed. 


The  utility  of  electron  impact  (El),  field  ionization  (FI),  and 
chemical  ionization  (Cl)  mass  spectrometry  for  the  identi¬ 
fication  or  structure  elucidation  of  salts  and  highly  polar, 
thermally  labile,  organic  molecules  is  severely  restricted  by 
the  requirement  that  the  sample  be  in  the  gaseous  state  prior 
to  ionization  and  analysis  ( /,  2).  For  the  above  compound 
types,  the  energy  required  to  disrupt  the  bonding  between 
adjacent  sample  molecules  in  the  solid  state  or  between  the 
sample  molecule  and  the  surface  of  the  sample  holder  often 
exceeds  the  energy  required  to  break  bonds  within  the  sample 
molecule.  Under  these  circumstances,  application  of  con¬ 
ventional  solids-probe  heating  procedures  to  volatilize  the 
sample  results  in  extensive  sample  decomposition.  Energy 
transfer  to  the  sample  from  the  heating  device  is  distributed 
in  many  internal  degrees  of  freedom  and  the  competition 
between  dissociation  of  intramolecular  bonds  and  either 
surface-sample  or  sample-sample  bonds  becomes  dominated 
by  the  former  process. 

In  recent  years  a  number  of  techniques  have  been  intro¬ 
duced  for  enhancing  the  rate  of  volatilization  while  minimizing 
the  rate  of  decomposition  of  sample  molecules.  Chemical 
conversion  of  polar  organic  groups  to  nonpolar  groups  has 
probably  been  the  most  widely  used  method  of  reducing  strong 
intermolecular  or  surface-molecule  interactions.  Transfor¬ 
mations  of  this  type  are  required  for  most  GC-MS  applications 
and  have  reached  a  high  degree  of  sophistication  (3).  Min¬ 
imization  of  surface-sample  interactions  can  also  be  achieved 
by  altering  the  structure  of  the  surface  from  which  the  sample 
is  vaporized.  Underivatized  polypeptides,  including  several 
containing  arginine,  have  been  successfully  volatilized  by 
combining  a  rapid  heating  technique  with  sample  dispersal 
on  a  relatively  inert  surface  such  as  Teflon  (4,  5).  Direct 
exposure  of  sample  deposited  on  the  outside  of  a  conventional 
solids  probe  to  the  ion  plasma  in  a  chemical  ionization  (Cl) 
source  has  also  been  employed  successfully  to  record  mass 
spectra  of  relatively  nonvolatile  compounds  at  temperatures 
as  much  as  150  °C  below  those  normally  required  (6).  Laser 
volatilization  and  ionization  has  been  shown  to  afford  ions 
characteristic  of  molecular  weight  of  simple  organic  salts  (7). 

Limited  success  in  the  characterization  of  nonvolatile 
organics  has  also  been  achieved  using  argon  ion  sputtering 
techniques  at  10"  (8)  and  also  under  Cl  conditions  (9). 

One  of  the  most  exciting  new  techniques  for  sample  vol¬ 
atilization  involves  ultrarapid  heating  of  molecules  deposited 


on  thin  nickel  foil  following  impact  by  M2Cf  fission  fragments 
(10).  Many  high  molecular  weight  biological  molecules,  in¬ 
cluding  vitamin  B12  (mol  wt  1327),  exhibit  ions  characteristic 
of  sample  molecular  weight  in  spectra  recorded  by  this  plasma 
desorption  methodology  (10). 

Strong  electrostatic  fields  have  also  been  employed  to 
facilitate  ionization  of  polymeric,  nonvolatile,  thermally  labile, 
organic  molecules  sprayed  into  an  ion  source  in  the  form  of 
organic  solutions  (11,  12). 

In  contrast  to  the  above  methodology,  field  desorption  (FD) 
mass  spectrometry  uses  a  strong  electrostatic  field  to  ionize 
and  desorb  solid  samples  deposited  on  activated  anodes  (13). 
These  anodes  consist  of  10-nm  tungsten  wires  covered  with 
a  large  number  of  carbon  microneedles  approximately  30  pm 
in  length.  Application  of  an  external  field  (1  V/A)  is  thought 
to  lower  the  potential  barrier  for  migration  of  an  electron  from 
the  sample  molecule  to  the  wire  electrode.  Increasing  the 
temperature  of  the  wire  anode  then  facilitates  ionization  of 
the  sample  under  mild  conditions  and  coulombic  repulsion 
between  the  resulting  positive  ion  and  the  carbon  microneedles 
drives  the  ion  into  the  gas  phase.  Development  of  FD 
methodology  has  advanced  rapidly  since  its  introduction  by 
Beckey  in  1969,  and  the  method  now  enjoys  widespread 
acceptance  as  an  ionization  technique  for  ionic,  highly  polar, 
and  thermally  labile  organic  molecules. 

Recently  Holland  et  al.  reported  that  the  rate  of  desorption 
of  sample  from  a  carbon  microneedle  emitter  in  the  absence 
of  the  applied  field  is  indistinguishable  from  the  rate  of 
desorption  in  the  presence  of  the  field  (14, 15).  To  explain 
this  result,  a  mechanism  for  sample  ionization  involving  field 
independent  chemical  ionization  in  a  thin  semifluid  layer  on 
the  emitter  surface  was  proposed  for  consideration  (14-16). 

In  this  report  we  describe  methodology  for  obtaining  mass 
spectra  of  sodium  salts,  quaternary  ammonium  salts,  and 
thermally  labile  organic  molecules  under  Cl  conditions  using 
a  heated  field  desorption  emitter  as  a  solids  probe  without 
application  of  an  external  applied  field. 

EXPERIMENTAL 

General.  All  spectra  were  recorded  on  Finnigan  model  3200 
or  3300  quadrupole  mass  spectrometers  equipped  with  standard 
Cl  sources  and  an  Incos  model  2300  data  system.  Primary 
ionization  of  the  methane  Cl  reagent  gas  was  accomplished  using 
80-eV  electrons  generated  from  a  heated  rhenium  filament.  The 
methane  Cl  reagent  gas  pressure  was  maintained  at  0.5  Torr. 
Source  temperatures  were  in  the  range  100-250  °C  unless  oth¬ 
erwise  indicated. 

Sample  Preparation  and  Introduction.  Using  a  10-mL 
syringe,  one  drop  of  a  solution  containing  sample  dissolved  in  a 
suitable  solvent  such  as  water,  methanol,  or  acetone  (0.1-50 
p%/pL)  was  placed  on  the  FD  emitter.  Evaporation  of  the  solvent 
left  a  thin  film  of  sample  deposited  on  the  emitter  surface.  The 
emitters  consisted  of  tungsten  wire  (10  pm)  that  had  previously 
been  activated  by  high  temperature  treatment  in  the  presence 
of  benzonitrile  (17).  This  process  produces  a  growth  of  carbon 
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Figure  1.  Activated-emitter,  solids-probe,  methane  (0.5  Torr)  Cl  spectra  of:  (a)  guanosine  (1)  (32  mA);  (b)  cyclic  adenosine  monophosphate 
(2)  (35  mA);  (c)  creatine  (3)  (32  mA):  (d)  choline  chloride  (8)  (28  mA);  (e)  arginine  hydrochloride  (4)  (26  mA);  (f)  dioxathon  (5)  (30  mA);  (g) 
gtycyl-histidyl-lysine  (6)  (32  mA);  (h)  CBz-glycyl-protyHeucyl-aianyl-proline  (7)  (36  mA);  and  (i)  potassium  benzoate  (30)  (40  mA).  All  spectra  except 
1h  were  recorded  using  procedure  1.  Sample  sizes  were  between  100  ng  and  1  fig.  Ions  designated  by  an  asterisk  contain  a  methane  reagent 
ion.  CjH5+  or  C3H5*.  plus  the  sample  molecule  or  a  neutral  fragment  derived  from  the  sample  molecule 


microneedles  approximately  25  fim  in  length  on  the  surface  of 
the  tungsten  wire.  To  facilitate  sample  introduction,  the  repeller 
assembly  was  removed  from  the  back  of  the  Finnigan  Cl  source. 
The  emitter  mount  was  then  pressed  against  the  ion  source  wall 
over  the  hole  vacated  by  the  repeller.  In  this  configuration,  the 
emitter  wire  penetrated  the  ionization  chamber  to  a  point  directly 
on  line  with  the  electron  entrance  hole  and  3  mm  back  from  the 
ion  exit  slit. 

Procedure  for  Recording  Mass  Spectra.  Two  procedures 
were  employed  to  record  spectra.  In  procedure  1,  current  was 
passed  through  the  emitter  in  1-mA  increments  until  the  best 
emitter  temperature  (BET)  (/.5)  was  reached.  BET  is  defined 
as  the  emitter  temperature  (current)  that  affords  the  highest 
abundance  of  ions  characteristic  of  sample  molecular  weight.  In 
procedure  2,  the  emitter  power  supply  was  preset  to  deliver  2-3 
mA  of  current  above  that  required  for  the  BET.  A  4  s/decade 
scan  of  the  mass  spectrometer  and  rapid  heating  of  the  emitter 
solids  probe  was  then  initiated  simultaneously. 

Use  of  procedure  I  maximizes  sample  lifetime  on  the  emitter 
and  permits  multiple  scans  of  the  spectrum  to  be  taken.  The 
disadvantage  of  this  technique  is  that  ions  characteristic  of  thermal 
decomposition  of  the  sample  frequently  dominate  the  spectra. 
Use  of  procedure  2  reduces  the  contribution  of  ions  derived  from 
thermolysis  fragments  and  enhances  the  abundance  of  ions 
characteristic  of  sample  molecular  weight.  Sample  volatilization 
is  complete  in  about  3  s  under  conditions  employed  in  the  latter 
procedure. 

Chemicals.  Methane  (99.97% )  was  purchased  from  Matheson 
Gas  Products,  Inc.,  East  Rutherford,  N.J.  Guanosine  (1),  c-AMP 
(2),  creatine  <31.  and  choline  chloride  (8)  were  purchased  from 
Sigma  Chemical  Co.,  St.  Louis,  Mo.  Arginine  hydrochloride  (4) 
was  obtained  from  Seikagaku  Kogyo  Co.  Ltd.,  Tokyo,  Japan. 


I 


Dioxathon  (5)  was  received  from  the  U.S.  Environmental  Pro¬ 
tection  Agency  Pesticide  Reference  Standard  Repository,  Health 
Effects  Research  Laboratory,  Office  of  Research  and  Development, 

USEPA.  Research  Triangle  Park,  N.C.  CBz-glycyl-prolyl-leu- 
cyl-alanyl-proline  (7)  and  glycyl-histidyl-lysine  (6)  were  purchased 
from  Bachem  Inc.,  Marina  Del  Rey,  Calif.  All  samples  were  used 
as  received. 

RESULTS  AND  DISCUSSION 

Mass  spectra,  generated  under  Cl  conditions  (0.5  Torr  of 
methane)  and  containing  abundant  ions  characteristic  of 
sample  molecular  weight,  can  be  produced  from  many  salts 
and  thermally  labile  organic  molecules  by  using  an  activated 
field  desorption  emitter  as  a  solids  probe  for  introducing 
sample  into  the  ionization  chamber.  Eight  compounds  which 
fail  to  yield  ions  characteristic  of  molecular  weight  under 
conventional  El,  FI,  and  Cl  conditions  have  been  studied  using 
the  above  methodology.  The  resulting  mass  spectra  are  ' 

displayed  in  Figure  1.  It  is  noteworthy  that  the  spectra  all 
contain  ions  which  facilitate  assignment  of  molecular  weight 
to  the  sample. 

Guanosine  (I).  Thermal  decomposition  of  guanosine  (1)  ; 

occurs  at  its  melting  point  of  240  °C  (18).  Since  El  and  FI  - 

requires  a  minimum  solid  probe  temperature  of  250  °C  for 
volatilization  of  guanosine,  it  is  not  surprising  that  these  ; 

techniques  fail  to  produce  spectra  containing  molecular  ions  i 

(18).  In  contrast  the  FD  mass  spectrum  of  guanosine  is  1 

obtained  at  a  probe  temperature  of  180-200  °C  and  displays  1 

a  M*-  having  a  relative  abundance  20%  that  of  the  base  peak  1 

at  m/e  151  (B  +  H)+-  (19).  As  shown  in  Figure  la.  Cl  using  1 
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an  activated  emitter  as  a  solids  probe  also  affords  a  spectrum 
of  guanosine  containing  an  abundant  ion  characteristic  of 
sample  mol  wt  iM  +  U*.  The  usual  adduct  ions,  (M  +  CjH ,)’ 
and  (M  +  C  ,H  ,1*.  encountered  in  most  methane  Cl  spectra 
are  also  present  at  m/e  312  and  324.  The  base  peak  in  the 
spectrum  occurs  at  m/e  152  and  corresponds  to  protonated 
guanine  BH/.  (BH  +  C  HJ*  and  (BH  +  C  ,H-,)*  ions  are  also 
observed  at  m  e  180  and  192.  respectively.  These  and  other 
fragments  belong  to  a  family  of  ion  types  generally  observed 
in  nucleoside  methane  Cl  spectra.  Their  origin  has  been 
discussed  previously  (20). 

Cyclic  Adenosine  Monophosphate  (c-AMP)  (2).  Like 
guanosine.  c-AMP  (2)  can  be  characterized  by  Cl  mass 
spectrometry  if  the  activated  emitter  solid  probe  Cl  method 
is  employed.  Identification  of  mol  wt  is  facilitated  by  the 
occurrence  of  (M  +  H)*,  (M  +  CiH^)*,  and  (M  +  C:,Hd*  ions 
at  m/e  330,  358.  and  370  (Figure  lb).  Fragment  ions  at  m/e 
136,  195,  and  232  identify’  the  base,  sugar,  and  phosphoric  acid 
ester  moieties  in  the  molecule.  No  ions  characteristic  of  mol 
wt  are  observed  when  the  methane  Cl  spectrum  of  c-AMP  is 
recorded  using  the  conventional  solid  probe,  source  insertion 
Cl  technique  (6). 

Creatine  (3)  and  Arginine  Hydrochloride  (4).  Most 
amino  acids  can  be  successfully  characterized  by  their  El  (21) 
or  Cl  (22-24)  mass  spectra.  Creatine  and  arginine  are  ex¬ 
ceptions.  These  two  compounds  do  not  form  ions  charac¬ 
teristic  of  sample  molecular  weight  under  either  El,  Cl,  or  FI 
conditions  (2,  22).  Thermal  dehydration  of  creatine  and 
arginine  to  lactams  at  temperatures  below  that  required  for 
volatilization  is  thought  to  be  responsible  for  the  above  be¬ 
havior  (22).  In  contrast  to  the  above  situation,  FD  metho¬ 
dology  affords  excellent  spectra  of  both  compounds.  Thermal 
energy  transfer  to  the  sample  is  greatly  reduced  in  the  field 
desorption  mode  and  the  resulting  spectra  contain  abundant 
(M  +  1)*  ions  for  both  arginine  (25)  and  creatine  (2,  26).  The 
FD  spectrum  of  creatine  (2)  also  shows  ions  corresponding 
to  protonated  lactam  (m/e  114)  and  (M  +  H)+-  HCOOH  (m/e 
86).  Major  fragments  in  the  FD  spectrum  of  arginine  occur 
at  m/e  158  and  117  and  correspond  to  loss  of  ammonia  and 
the  guanidino  group  respectively  from  the  (M  +  1)*  ion  (25). 

Shown  in  Figure  lc  is  the  activated  emitter  solids  probe  Cl 
spectrum  of  creatine  (3).  Two  ions,  corresponding  to  (M  + 
U*  ( m/e  132)  and  protonated  lactam  (m/e  114),  dominate  the 
spectrum.  Ions  resulting  from  the  addition  of  C2H5+  and 
C,H,*  to  both  creatine  (m/e  160  and  172)  and  the  lactam, 
creatinine  (m/e  142  and  154),  are  also  observed. 

Use  of  the  activated  emitter  solid  probe  technique  also 
affords  an  easily  interpreted  mass  spectrum  of  arginine  hy¬ 
drochloride  (4).  (M  +  1)*,  (M  +  29)*,  and  (M  +  41!*  ions  are 
formed  from  free  arginine  (m/e  175, 203,  215),  the  lactam  (m/e 
157,  185, 197),  and  arginine  -NH:t  (m/e  158,  186,  198).  Ions 
corresponding  to  loss  of  the  carboxyl  plus  guanidino  groups 
from  the  (M  +  D*  ion  (22),  loss  of  NHCNH  from  the  lactam 
(22).  and  loss  of  the  guanidino  group  from  the  (M  +  1)*  ion 
occur  at  m/e  70,  115,  and  116,  respectively  (Figure  le). 

Dioxathon  (5).  Many  commercially  available  pesticides 
are  esters  of  phosphoric  or  thiophosphoric  acid.  These  classes 
of  compounds  uniformly  fail  to  give  molecular  ions  in  their 
El  spectra  (27).  Use  of  conventional  FI  or  Cl  techniques 
facilitate  identification  of  many  compounds  in  these  groups 
(2)  but  neither  ionization  mode  affords  a  molecular  ion  or 
protonated  molecular  ion  from  dioxathon  (delnav)  (5).  The 
ions  at  highest  mass  in  the  FI  (m/e  270)  and  Cl  (m/e  271) 
spectrum  of  5  correspond  to  loss  of  (EtO)2  PSSH  from  the 
M*-  or  (M  +  D*  ion  respectively  (2).  Loss  of  this  same  moiety 
also  occurs  in  the  FD  spectrum  at  m/e  270  (2).  In  addition, 
however,  the  FD  spectrum  displays  an  abundant  (M  +  1)*  ion 
for  dioxathon  at  m/e  457. 


Presented  in  Figure  If  is  the  activated  emitter  solid  probe 
Cl  spectrum  of  dioxathon  (5).  The  spectrum  contains  three 
ions  characteristic  of  sample  mol  wt  (m/e  457,  485,  and  4971. 
an  ion  at  m/e  271  corresponding  to  the  loss  of  (EtOb  PSSH 
from  the  (M  +  1  )*  ion,  and  a  number  of  lower  mass  fragments 
many  of  which  are  also  observed  under  FD  conditions. 

Polypeptides.  The  low  volatility  of  most  polypeptides 
limits  the  utility  of  El  and  Cl  mass  spectrometry  for  de¬ 
termining  the  sequence  of  amino  acids  present  in  this  im¬ 
portant  class  of  compounds.  To  circumvent  this  problem,  a 
number  of  elegant  chemical  derivatization  methods  have  been 
developed  to  enhance  the  volatility  of  peptides  (28).  Un¬ 
fortunately  these  techniques  often  require  a  quantity  of  sample 
orders  of  magnitude  greater  than  that  needed  to  record  a  mass 
spectrum.  To  minimize  sample  consumption,  it  is  desirable 
to  develop  methodology  which  can  be  employed  to  sequence 
the  free  polypeptide  directly.  Advances  in  this  direction 
include  the  use  of  rapid  heating  techniques  applied  to  peptides 
deposited  on  an  inert  surface  such  as  Teflon  (4)  and  the  use 
of  the  direct  source  insertion  Cl  technique  of  Baldwin  and 
McLafferty  (6).  Both  of  these  methods  have  been  shown  to 
afford  protonated  molecular  ions  and  normal  Cl  sequence 
ions  for  a  number  of  tri-,  tetra-,  and  pentapeptides. 

FD  mass  spectrometry  facilitates  analysis  of  even  less 
volatile  polypeptides  (29,  30).  Using  this  techique,  ions 
characteristic  of  sample  mol  wt  have  been  observed  for  two 
pentapeptides  and  two  nonapeptides  containing  arginine 
residues  (29,  30).  Unfortunately  the  fragmentation  of  these 
polypeptides  under  FD  conditions  is  insufficient  to  provide 
a  unique  sequence  assignment.  In  addition,  reactions  on  the 
surface  of  the  activated  emitter  in  the  presence  of  an  external 
electric  field  can  facilitate  attachment  of  hydrogen  atoms  to, 
or  subtraction  of  hydrogen  atoms  from,  individual  fragment 
ions,  as  shown  in  the  FD  spectrum  of  CBz-glycyl-prolyl- 
\eucyl-glycyl-proline  in  reference  30.  As  a  consequence  of  these 
surface  reactions,  the  masses  of  fragment  ions  bearing  se¬ 
quence  information  can  only  be  predicted  with  a  certainty  of 
plus  or  minus  two  mass  units  (30).  Unless  this  problem  can 
be  eliminated,  it  will  be  impossible  to  determine  unambiguous 
structures  for  many  polypeptides  using  FD  methodology  at 
low  resolving  power. 

In  contrast  to  the  FD  results,  spectra  of  polypeptides 
generated  using  the  activated  emitter  solids  probe  Cl  tech¬ 
nique  contain  both  an  abundance  of  ions  characteristic  of  mol 
wt  (M  +  1)  as  well  as  predictable  C-terminal  and  N-terminal 
fragments  bearing  amino  sequence  information.  In  general 
the  spectra  closely  resemble  those  generated  by  the  source 
insertion  Cl  technique  (6).  An  advantage  of  the  emitter  Cl 
methodology,  however,  is  that  it  affords  (M  +  1)  ions  which 
often  are  one  or  two  orders  of  magnitude  more  intense  than 
those  obtained  by  the  source  insertion  Cl  technique.  Pre¬ 
liminary  results  also  indicate  that  the  emitter  methodology 
is  capable  of  generating  excellent  Cl  spectra  of  polar  peptides 
that  fail  to  yield  useful  source  insertion  Cl  spectra. 

In  the  case  of  the  underivatized  tetrapeptides,  methio- 
nyl-glycyl-methionyl-methionine  (mol  wt  468)  and  glycyl- 
leucyl-leucyl-glycine  (mol  wt  358),  both  the  emitter  Cl  and 
source  insertion  Cl  techniques  afford  abundant  (M  +  1)*,  A,*, 
Ai.z*,  A|_2,j*,  Ai, 2,3,4*,  Z1H2*,  Z,2H2*.  and  Z[,2.;iH2*  type  ions 
The  source  insertion  Cl  spectrum  of  the  tripeptide,  glycyl- 
histidyl-lysine  (6),  on  the  other  hand,  is  devoid  of  an  M  +  1 
ion.  Sequence  bearing  fragment  ions  plus  the  M  +  1  ion  (20% 
relative  abundance)  are  present  in  the  emitter  Cl  spectrum 
(Figure  lg)  of  this  compound  (A,  2*A,  2,3*  **  195, 323;  ZiH-*, 
Zi.2H2*.  Z,.23H2*  -  147,  284,  341). 

In  Figure  lh  is  shown  the  activated  emitter  Cl  spectrum 
of  CBz-glycyl-prolyl-leucyl-alanyl-proline  (7)  (mol  wt  587). 
The  relative  abundances  of  ions  in  this  spectrum  are  similar 
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to  those  obtained  in  the  KI)  spectrum  of  the  related  molecule. 
CBz-glycyl-prolvI-leucyl-glycyl-proline  (mol  wt  574)  (.'ill).  It 
is  noteworthy,  however,  that  the  fragment  ions  bearing  se¬ 
quence  information  in  the  activated  emitter  Cl  spectrum  occur 
at  predicted  m/e  values  (A,  A|  ■>  t\  A,  >  14+,  A,  =  m/e 
289.  297.  4711.  570:  Z,H/.  Z,  ,H  \  Z,.,.,,H,\'  Z,..j.;uH ,*. 
Zi  =  116.  187,  3(H),  402,  454).  As  mentioned  above, 

interpretation  of  the  FD  spectrum  is  complicated  because 
hydrogen  transfer  to  or  from  the  fragment  ions  places  an 
uncertainty  of  two  in  the  mass  assignment  of  ions  bearing 
sequence  information. 

Choline  Chloride  (8).  At  the  probe  temperature  required 
to  generate  its  El  spectrum  (200  °C),  choline  chloride  suffers 
thermal  decomposition  to  the  tertiary  amine,  di- 

methylaminol  ethanol  (9),  and  methyl  chloride  (32).  The 
resulting  mass  spectrum  contains  only  ions  characteristic  of 
9.  The  direct  source  insertion  Cl  spectrum  of  choline  chloride 
is  obtained  at  a  probe  temperature  of  150  °C  but  still  fails 
to  show  an  ion  uniquely  characteristic  of  the  quaternary  salt 
(33).  Only  ions  derived  from  the  tertiary  amine  (9)  are  ob¬ 
served.  In  contrast  to  the  above  situation,  the  FD  spectrum 
of  choline  chloride  exhibits  as  the  base  peak  the  quaternary 
ammonium  ion  at  m/e  104  (33).  An  abundant  ion  corre¬ 
sponding  to  the  molecular  ion  of  the  tertiary  amine  (9)  (m/e 
89)  is  also  observed. 

A  result  similar  to  that  afforded  by  FD  methodology  is  also 
obtained  using  the  activated  emitter  solids  probe  Cl  technique. 
As  shown  in  Figure  Id,  the  spectrum  contains  strong  signals 
corresponding  to  the  quaternary  ammonium  ion  as  well  as  (M 
+  1)*,  (M  +  29)*,  and  (M  +  41)*  ions  derived  from  the  tertiary 
amine  (9). 

Sodium  and  Potassium  Benzoate.  In  a  recent  report, 
acetate  and  2,2-dimethylpropionate  salts  of  the  five  alkali 
metals  were  shown  to  afford  El  spectra  containing  abundant 
(RCOOM,)*  ions  (35).  In  our  laboratory,  use  of  either  the 
above  El  technique  or  direct  source  insertion  Cl  (6)  to  ionize 
sodium  or  potassium  benzoate  fails  to  produce  a  mass 
spectrum  containing  ions  characteristic  of  either  salt.  At 
temperatures  between  350-400  °C  thermal  decomposition  of 
the  sample  occurs  and  a  spectrum  of  benzoic  acid  is  obtained 
from  both  of  the  above  compounds.  Rapid  intermolecular 
hydrogen  transfer  reactions  on  the  surface  of  the  solids  probe 
are  assumed  to  be  responsible  for  the  above  behavior  since 
a  spectrum  of  pure  benzoic  acid  can  be  obtained  at  room 
temperature  using  the  above  ionization  techniques. 

One  of  the  most  striking  features  of  FD  mass  spectrometry 
is  its  ability  to  produce  structural  informative  mass  spectra 
from  alkali  metal  salts  of  organic  molecules  (36,  37).  It  is 
assumed  that  the  thermal  energy  required  to  vaporize  and 
ionize  salts  under  field  desorption  conditions  is  only  that 
required  to  promote  movement  of  the  salt  molecules  on  the 
surface  of  the  activated  emitter  to  the  ionization  zone  at  the 
tips  of  the  microneedles.  Ionization  of  the  sample  is  then 
thought  to  occur  under  the  influence  of  the  high  external 
electric  field  without  additional  heating.  It  is  estimated  that 
the  total  thermal  energy  involved  in  this  process  may  be  two 
or  three  times  smaller  than  that  required  for  direct  thermal 
vaporization. 

In  general,  FD  spectra  of  carboxylic  acid  sodium  salts 
contain  abundant  ions  corresponding  to  (a)  the  attachment 
of  Na*  to  one  or  more  salt  molecules  (clusters  of  the  type 
(RCOONa)„Na+  where  n  =  1-6),  (b)  protonated  salt  molecules, 
(c)  ions  characteristic  of  the  neutral  carboxylic  acid,  and  (d) 
fragment  ions  derived  from  the  thermal  decomposition  of  the 
salt  molecules  (37). 

Preliminary  results  indicate  that  the  activated-emitter  solids 
probe  Cl  technique  can  also  be  employed  to  characterize  alkali 
metal  organic  salts.  As  shown  in  Figure  li.  the  second  most 


abundant  ion  (m/e  199)  in  the  Cl  spectrum  of  potassiun 
benzoate  ( 10),  results  from  attachment  of  a  potassium  ion  to 
the  salt  molecule.  Cluster  ions  containing  a  potassium  ion 
attached  to  two  (m/e  359)  and  three  (m/e  519)  molecules  of 
salt  and  ions  formed  by  attachment  of  a  proton  to  both  benzoic 
acid  (m/p  123)  and  its  potassium  salt  (m/e  161)  are  also 
observed.  Sodium  benzoate  affords  a  spectrum  containing 
the  same  ion  types. 

ACKNOWLEDGMENT 

The  authors  are  indebted  to  C.  C.  Sweeley  and  J.  F. 
Holland,  Department  of  Biochemistry,  Michigan  State 
University,  for  many  helpful  discussions  during  the  course  of 
this  research. 


LITERATURE  CITED 

(1)  G.  W.  A  Milne  and  M.  J.  Lacey,  "Modem  Ionization  Techniques  in  Mass 
Spectrometry”.  Crit.  Rev.  Anal.  Chem..  45,  (1974). 

(2)  H.  M.  Faies.  G.  W.  A.  Milne,  H  U.  Winkler,  H.  D.  Beckey.  J  N.  Damico, 
and  R.  Barron,  Anal.  Chem.,  47,  207  (1975). 

(3)  C.  J.  W.  Brooks  and  B  S  Middleditch,  "Mass  Spectrometry  Specialists 
Reports  ',  Vot  3,  R.  A.  W.  Johnstone,  Ed..  Chemical  Society.  London. 
Chapter  8,  1975. 

(4)  R.  J.  Beuhler,  E  Flanigan.  L.  J  Greene,  and  L.  Friedman.  Biochemistry. 
13,  5060  (1974). 

(5)  R.  J.  8euhter.  E.  Flanigan,  L.  J.  Greene,  and  L.  Friedman  J.  Am.  Chem 
Soc..  96,  3990  (1974). 

(6)  M.  A.  Baldwin  and  F.  W.  McLallerty,  Org  Mass  Spectrum  .  7.  1353  (1973) 

(7)  R.  0.  Mumma  and  F.  J.  Vastola.  Org  Mass  Spectrom  .  *,  1373  (1972) 

(8)  A.  Benninghoven,  D.  Jaspers,  and  W.  Sichtermann,  Appl  Phys  .  11.  35 
(1976). 

(9)  D.  F.  Hunt,  unpublished  results. 

(10)  R.  D.  Macfarlane  and  D.  F.  Torgerson.  Science.  191.  920  (1976) 

(1 1)  D.  S.  Simons.  B.  N.  Colby,  and  C.  A.  Evans.  Jr.,  /nr.  J.  Mass  Spectrom 
Ion  Phys..  15,  291  (1974) 

(12)  L.  L.  Mack.  P.  Kralid.  A.  Rheude.  and  M  Dote.  J.  Chem  Phys..  49.  2240 
(1968). 

(13)  H.  D.  Beckey  and  H  R.  Schullen.  Angew.  Chem  .  Int.  Ed.  Engl .  14. 
403  (1975). 

(14)  J  F.  Holand.  B.  Soltmann.  J.  W  Maine,  and  C.  C.  Sweeley.  Abstracts. 
Seventh  International  Mass  Spectrometry  Conference.  Florence.  Italy. 
August  1976,  No  106-S. 

(15)  J.  F.  Holand.  B.  SoHmann,  and  C.  C.  Sweeley.  Biomed.  Mass  Spectrom  . 
3.  340  (1976). 

(16)  B.  Soltmann,  C.  C.  Sweeley.  and  J.  F.  Holland.  Anal.  Chem  .  this  issue 

(17)  H.  D.  Beckey.  E.  Hilt,  and  H.  R.  Schullen.  J.  Phys.  E.:  Sci.  Instrum.. 
6.  1043  (1973). 

(18)  P.  Brown.  G.  R.  Pettit,  and  R.  K.  Robins,  Org.  Mass  Spectrom..  2,  521 
(1969). 

(19)  H.  R.  Schullen  and  H.  D.  Beckey.  Org  Mass  Spectrom..  7.  861  (1973). 

(20)  M.  S  Wilson.  I.  Dzidic,  and  J.  A.  McCloskey,  Bkxhim.  Biophys.  Acta. 
240,  623  (1971). 

(21)  G.  Junk  and  H.  Svec.  J.  Am.  Chem.  Soc..  85.  839  (1963). 

(22)  P.  A  Ledercq  and  D.  M.  Desiderio.  Org  Mass  Spectrom..  7,515  (1973). 

(23)  G.  W.  A.  Milne.  T.  Axenrod.  and  H.  M.  Fates.  J.  Am.  Chem.  Soc  .  92. 
5170  (1970). 

(24)  M.  Meot-Ner  and  F.  H.  Field,  J  Am.  Chem  Soc..  95.  7207  (1973). 

(25)  H.  LI.  Winkler  and  H.  D.  Beckey.  Org.  Mass  Spectrom  .  6,  655  (  972). 

(26)  H.  U.  Winkler  and  H.  D.  Beckey.  Org  Mass  Spectrom..  7,  1007  (1973). 

(27)  J.  N.  Damico  in  "Biochemical  Applications  of  Mass  Spectrometry".  G. 
R.  Waller.  Ed.,  Wiley-Interscience,  New  York.  N.Y..  1972.  p  623. 

(28)  P.  J.  Arpino  and  F.  McLafferty,  "Determination  of  Organic  Structures  by 
Physical  Methods",  Vol.  6,  F.  C  Nachod.  J.  J.  Zuckerman.  and  E.  W 
Randall.  Ed.,  Academic  Press,  New  York,  N.Y.,  1975.  pp  1-89. 

(29)  H.  U.  Winkler  and  H.  D.  Beckey,  Biophys.  Res.  Commun..  48.  391  (1972). 

(30)  S,  Asante-Poku,  G.  W.  Wood,  and  E.  E.  Schmidt.  Jr..  Biomed.  Mass 
Spectrom..  2,  121  (1975). 

(31)  D.  F.  Hurt,  G  C.  Stafford,  Jr.,  F.  W.  Crow,  and  J.  W.  Russel.  Anal.  Chem . 
48.  2098  (1976). 

(32)  G.  A.  R.  Johnston,  A.  C.  K.  Trtttett,  and  J.  A.  Wunderlich,  Anal.  Chem  . 
40,  1837  (1968). 

(33)  J.  Shabanowltz.  P.  Brynes.  A.  Maeiicke,  D.  V.  Bowen,  and  F.  H.  Field. 
Biomed.  Mass  Spectrom..  2,  164  (1975). 

(34)  D.  A.  Brent,  D.  J.  Rouse,  M.  C.  Sammons,  and  M.  M.  Bwsey,  Tetrahenton 
Lett  .  4127  (1973). 

(35)  E.  White.  Abstracts,  Twenty-Fourth  Annual  Conference  on  Mass 
Spectrometry  and  Aied  Topics,  San  Diego.  Calf.,  May  1976,  No.  PSCUg 

(36)  F.  W.  Rotgen  and  H.  R.  Schuften,  Org.  Mass  Spectrom..  10.  660  (1975). 

(37)  K.  R.  Schulten  and  F.  W.  RoDgen.  Org.  Mass  Spec from.,  10. 649  (1975). 


Received  for  review  January  14, 1977.  Accepted  April  1, 1977. 
This  research  was  supported  by  grants  from  the  National 
Institute  of  Health,  USPHS,  GM  22039,  the  National  Science 
Foundation,  CHE  75-17307,  and  the  U.S.  Army  Research 
Office,  DAHC-74-G-0079. 


ANALYTICAL  CHEMISTRY.  VOL.  49,  NO.  8,  JULY  1977  •  lit* 


n<=t \  chev* 
(VWic  K  ^ 


Donald  F.  Hun!  *  Jeffrey  Shabanowltz.  and  Anne  B.  Glordanl 

or  C'*>*mrsrrv.  L'Tv<»r>,Ty  Of  V  Cn.t"0.*ft*S  »«<*#»  Wgrflfcf  2C9J  1 

A  new  muilianaly zer  mass  spectrometer  constructed  from 
commercially  available  quadrupole  comoonenls  Is  described. 

Collision  activated  decomposition  (CAD)  spectra  of  negative 
Ions  using  this  Instrument  are  reported.  Novel  reaction 
pathways  lor  CAD  ot  M  -  V  tons  from  Vetones.  esters,  nl- 
trophonots.  and  a  sugar  are  presented.  Gas  phase  Dieckmana 
retro- aide!,  and  retro-Diels-Atder  reactions  of  negative  Ions 
are  d  scussed.  Direct  analysis  without  prior  extraction  or 
chromatography,  of  Industrial  sludge  for  several  priority  pol¬ 
lutants  at  the  100-ppb  level  is  described. 

Recently  it  has  been  shown  that  tandem  mass  spectrometers 
(MS  MSj  consisting  of  an  ion  source,  mass  analyzer.  collision 
gas  chamber,  and  -econd  mass  or  enersry  analyser  can  be  used 
in  place  rf  c. is  chromatography -mass  spectrometry  IGS/MS) 
or  liquid  chromatography-mass  spectrometry  (LC  MS)  for 
the  analysis  of  complex  mixtures  of  organic  compounds  1 1-9). 

In  the  two  latter  techniques,  mixture  components  are  sepa¬ 
rated  chromatogTaphicaily  and  then  each  constituent  is  ionized 
and  characterized  by  its  molecular  weight  and  fragmentation  f 
pattern.  In  the  multistage  mass  spectrometer  methodology 
ions  are  generated  from  all  mixture  components  simultane¬ 
ously.  Each  ionized  mixture  component  is  then  separated  in 
a  mass  analyzer,  caused  to  undergo  collision  activated  de¬ 
composition  (CAD)  in  a  gas  collision  chamber,  and  identified 
by  mass  or  energy'  analysis  of  the  resulting  fragment  ions. 

Mixture  analysis  by  CAD  is  most  efficient  if  each  compo¬ 
nent  affords  a  single  ion  characteristic  of  sample  molecular 
weight  in  the  initial  ionization  step.  One  way  of  accomplishing 
this  is  to  convert  sample  molecules  to  even  electron  negative 
ions  by  proton  abstraction  using  strong  Bronsted  bases  such 
as  MeO-  (10)  and  OH'  (11). 

MH  +  HO*  -  M  -  T  +  ROH  (1) 

Unlike  the  situation  obtained  in  the  production  of  positive 
ions,  very  little  fragmentation  accompanies  the  formation  on"* 

M  -  I-  ions  because  the  number  of  decomposition  pathways 
energetically  accessible  to  this  type  ion  is  usually  quite  small. 

In  addition,  the  energy  released  during  formation  of  the 
sample  M  -  l"  ion  often  remains  largely  in  the  new  bond  that 
is  formed  in  the  reagent  gas,  water,  or  methanol.  Thus,  sample 
M  -  1'  ions  contain  little  excess  energy'  and  are  generally  stable 
toward  fragmentation. 

Production  of  fragment  ions  from  M  -  l*  ions,  however,  can 
be  achieved  using  the  CAD  technique.  Understanding  the 
fragmentation  pathways  available  to  M  -  1‘  ions  is  important 
because  the  structural  features  that  stabilize  negative  ions  are 
generally  not  the  same  as  those  that  stabilize  position  ions. 
Accordingly,  fragmentation  of  negative  ions  should  furnish 
structural  information  that  complements  that  available  from 
the  decomposition  of  positive  ions.  ( 

Here  we  describe  the  construction  of  a  Firmigan  triple  stage 
quadrupole  (TSQ)  mass  spectrometer,  report  preliminary 
results  of  research  to  prrobe  the  structural  information 
available  from  the  CAD  of  M  -  1“  ions,  and  illustrate  the  power 
of  the  MS/MS  approach  for  the  direct  analysis  of  priority 
pollutants  in  a  complex  environmental  matrix. 

EXPERIMENTAL 

Finnigan  Triple  Stage  Quadrupole  Mate  Spectrometer. 


Th.-.  in-triinirnt  similar  t<»  that  opsrriU-d  b\  Y.M  aho  hr.*** 
I”  '»  and  n  constructed  h%  sdu.c.z  t*«*  Fmmgin 

quadruple  nvi>>  filters  to  h  Firssuz.in  M.«jel  .;^i«j  qumlni>.i«*  i  1 
m.xxN  -fv-ar  meter  I  Tie  r»*sultipii  -vstern  is  shown  -><  nem.it  u^ij  A 
in  F.gure  I  and  omMst.s  of  <*  M<*>i  :j*  ■  i  n  „)n  «lUrce.  lens,  and 

filter  fillowrej  by  three  Additional  lenses  with  Ai.‘**rTuf** 
ti..»niefers  of .,  mm.  a  second  Mutlci  ,1‘J'v)  mass  r iter  enclosed  m 
a  stamie'A  steel  cylinder,  a  second  s»*t  of  three  lenses  identical 
t*>  those  Above,  a  Model  40Ui  quadrupole  ma.-s  filter,  arid  a 
cnmeffion  d>T-  de  electron  multiplier  detector  i/Jj  f..r  reo»rmng 
euiicr  positive  or  negative  ions.  All  of  these  components  are 
mounted  on  a  ■'irglt*  flange.  The  total  assembly  is  approximately 
dl  inches  in  length.  The  vacuum  manifold  which  accomm  «i.it»*s 
this  Assembly  is  constructed  by  bolting  together  twn  Model  ;52W) 
rnaniiolils.  Operation  of  the  triple  stage  quadrupole  tTSQi  mass 
spectrometer  does  not  require  vacuum  pumping  capacity  beyond 
that  normally  provided  with  the  single-stage  Firmigan  Model  .TJfjO 
Cl  system.  Fmnigan  Model  3200. 3000.  and  +XX)  rf  power  supplies 
are  used  to  supply  the  required  voltages  on  the  first,  second,  and 
third  quadrupole  mass  filters,  respectively. 

Operation  of  the  TSQ  Mass  Spectrometer  for  CAD 
Studies.  To  utilize  the  TSQ  mass  spectrometer  for  CAD  studies 
for  negative  ions,  the  ion  source  potential  is  set  between  -5  and 
-15  V  and  all  lens  voltages  are  optimized  for  maximum  signal 
intensity  at  positive  values  between  0  and  65  V.  The  rf/dc  voltage 
on  the  first  quadrupole.  Qt,  is  tuned  to  transmit  the  ion  of  interest 
into  Q:.  Only  rf  voltage  is  applied  to  Q2.  In  this  configuration. 
Q3  functions  as  an  ion  focusing  device  and  transmits  ions  of  all 
rn/z.  A  collision  gas  pressure  between  1  and  6  x  10'3  Torr  in  Qj 
is  required  to  optimize  formation  and  collection  of  fragment  ions. 
A  draw  out  potential  of  +10  to  +30  V  is  placed  on  Q3  which 
functions  as  a  conventional  (rf/dc)  quadrupole  mass  filter.  Mass 
analysis  of  the  resulting  fragment  ions  is  accomplished  by  scanning 
the  rf  and  dc  potentials  on  Q,.  The  recently  developed  conversion 
dynode  electron  multiplier  is  employed  for  detection  of  either 
positive  or  negative  ions  (12).  Positive  ion9  are  analyzed  in  the 
instrument  by  reversing  the  polarity  of  the  appropriate  voltages. 

Operation  of  the  TSQ  Mass  Spectrometer  as  a  Conven-  I 
tionai  Single  Analyzer  Instrument.  When  Q2  and  Q3  are  I 
operated  in  the  rf  only  mode  without  collision  gas  in  Q2,  all 
fragment  ions  mass  analyzed  in  Q1  are  transmitted  to  the  detector 
with  greater  than  90 %  efficiency.  Conventional  Cl  or  El  spectra 
result.  Conventional  Cl  or  El  spectra  are  also  obtained  if  Qj  and  | 
Q2  function  in  the  Tf  only  mode  and  Qj  is  operated  as  mass  filter 
with  both  rf  and  dc  potentials  on  the  rods.  Ail  ions  exiting  the 
source  are  transmitted  through  Qi  and  Q2  and  are  mass  analyzed 
in  Q3.  Ion  transmission  from  the  source  to  the  detector  in  this 
second  configuration  is  higher  than  in  the  first  arrangement  by 
a  factor  of  10  at  m/z  614.  We  assume  that  increased  sensitivity 
is  realized  in  the  second  configuration  because  the  ion  beam 
entering  a  rf/dc  mass  filter  is  less  susceptible  to  dc  fringing  fields 
after  it  has  been  collimated  by  the  rf  only  quadrupole.  J 

Operating  parameters  for  the  Finnigan  Model  3200  Cl  ion 
source  have  been  described  previously  (/0). 

Reagent  Gases,  Collision  Gases,  and  Cl  Reactant  Ions. 
Isobutane  199.5%),  neon  (99.99%),  and  nitrous  oxide  (98%)  were 
obtained  from  Matheson  Gas  Products.  Inc.,  East  Rutherford. 
N.J.  Argon  (99.999%)  was  purchased  from  Air  Products  and 
Chemicals,  Inc.,  Allentown,  Pa.  Nitrogen  (99.95%)  was  obtained 
from  Burdett  Oxygen  Co.,  Norristown,  Pa.  Formation  of  fragment 
ions  by  the  CAD  process  in  the  TSQ  increases  with  collision  gas 
in  the  order  AR  Nj  >  Ne  »  He. 

The  strong  Bronsted  base  Cl  reactant  ion,  OH*,  is  produced 
by  a  two-step  sequence  involving  dissociative  electron  capture 
of  nitrous  oxide  followed  by  reaction  of  the  resulting  oxygen  radical 
anion  with  isobutane  (7J). 

N-O  +  e  —  N2  +  O  •  (2) 

O'-  +  i-C«H10  -  *-C«Hr  +  OH'  (3) 

Optimum  reagent  ion  abundance  is  obtained  by  metering  nitrous 
oxide  into  isobutane  at  0.4- 1.0  Tort  until  the  intensity  of  the  OH' 
signal  maximizes.  This  usually  occurs  when  the  mixture  com¬ 
position  approaches  i-C4Hlo/N20  ■  10.1. 

Chemicals.  Ail  chemicals  were  obtained  from  commercial 
sources  and  used  without  further  purification. 

Priority  Pollutant  Analysis.  Industrial  sludge  (3  mL)  was 

spiked  with  300  ng  each  of  dioctyl  phthalate,  {Muiropbenol,  and 

2,4-dinitrophenoL  The  sample  was  then  sonicated  and  freeze  dried 
to  give  150  mg  of  solid  residue.  Of  this  material  5  mg  was  placed 


in  a  (apiUfirv  lul*  tlo-pd  at  one  end  and  stopja-red  at  the  other 
end  with  ttiaas  w,„>i  The  sample  was  men  inserted  into  the  ion 
uwr.t  on  the  t.p  -  f  a  sood-  pro!..-  an.!  heated  sh.wlv  to  ..f. 
while  (f ,  was  scanned  >l ■  *  times  frniti  r i  z  list  to  Pal  at  a  rate 
of  1  wan  s  vLsvnc  an  Inciw  Motivl  23tk)  data  system.  Mliadriipnie 
one.  1)  .  was  tuned  to  transmit  a  3-mmi  window-  centered  around 
the  M  l  tuns  his  :  (S.i  for  the  dtratrophenol  and  HI  ni  ■  r  IdB 
for  the  nitrnphenol  The  h-amtt  window-  w.ts  centered  around  tlie 
M  *  1'  ton  at  ei  -  3yl  tor  dwelt  l  ptutl.li.ite  Ultspikvd  sludfe 
samples  were  run  in  an  identical  manner. 

RESU  LTS  AND  DISCUSSION 

When  OH  is  employed  as  the  Cl  reagent  ion.  all  but  one 
of  the  14  ketones,  aldehydes,  esters,  sugars,  and  phenols 
(compounds  1-14)  in  Table  I  afford  spectra  in  which  the  M 
-  1  ion  carries  more  than  99  o  of  the  total  sample  ion  current. 

The  spectrum  of  dimethyl  suberate  ( 1 1 )  is  the  exception  and 
shows  the  sample  ion  current  partitioned  between  the  M  - 
L  ion  IliOCr)  and  a  fragment  ion  corresponding  to  M  -  1  - 
MeOH  (40?.).  We  suggest  that  this  latter  species  is  an 
enolate  anion  of  a  cyclic  d-keloester  (151  formed  by  a  gas  phase 
Dieckmann  reaction  as  shown  below.  The  first  step  in  this 
reaction  involves  intramolecular  displacement  of  methoiide 
which  in  turn  must  abstract  a  hydrogen  from  the  neutral 
product  during  the  lifetime  of  the  ion  molecule  complex. 
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CID  mass  spectra  of  M  - 1'  ions  generated  from  compounds 
1-14  are  summarized  in  Table  I.  The  M  -  1"  ion  from  4-de- 
canone  (2)  suffers  loss  of  hydrogen,  ethylene,  and  pentene  on 
collision  with  argon  in  Q;  Formation  of  the  conjugated  anion 
(16)  presumably  provides  the  driving  force  for  the  loss  of 
h>drog;n. 

c3h,coch=chchc,h; 

16 

Loss  ofalkene  from  ketone  M  -  L  ions  is  highly  dependent 
on  structure.  The  available  evidence  suggests  that  elimination^ 
of  an  olefin  from  the  M  -  ion  of  ketones  involves  a  hydrogen 
transfer  via  a  six-membered  transition  state  as  shown  below. 

A  minimum  of  three  carbons  attached  to  the  carbonyl  group 
is  required  for  the  rearrangement  to  occur.  Enthalpy  changes 
for  the  reaction  channels  discussed  in  this  paper  are  estimated 
from  heats  of  formation  data  which  are  either  taken  from 
reference  (131,  derived  from  measurements  of  gas  phase 
acidities  (U),  or  estimated  by  the  group  equivalent  method 
(15). 
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Consistent  with  the  proposed  olefin  elimination  mechanism 
is  the  finding  that  the  rearrangement  affords  only  one  frag¬ 
ment  from  3  decanone  (1).  4-Decaiione  (2)  affords  two 
fragments  each  of  which  undergoes  the  reaction  a  second  time 
to  produce  the  M  -  I  anion  of  acetone.  The  reaction  is  thus 
analogous  to  the  McLafOrt.  -  arrangement  observed  in  the 
fragmentation  of  positive  ions.  i 

Compounds  3  and  4  do  not  fulfill  the  structural  require-  ( 
rnenYs  for  Yh*  rearrangement  and  accordingly  fail  to  undergo  i 
the  reaction.  Decomposition  of  the  M  -  1  ions  from  3  and  I 
4  occurs  by  alternate  pathways  -.r.voiving  loss  of  ketene  and 
either  oxygen  or  methane,  respectively.  The  one  aldehyde  I 
studied  17 )  also  failed  to  eliminate  alkene  from  the  M  -  V  ion.  ) 
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Elimination  of  olefin  is  a  ton  jof  reaction  pathway  for  CAD 
of  the  M  -  I"  ion  from  the  cyclohexanones  (51  and  (4>.  This 
process  appears  to  be  a  retro-  Die  Is-  Alder  reaction.  The  reverse 
pathway  is  exothermic  by  about  38  kcal  and  is  an  example 
of  a  4  +  2  addition  of  an  electron  rich  dienyl  anion  to  a  simple 
olefin. 


In  Contrast  to  ifit*  above  example,  the  OaI)  spectrum  *>f  M 
-  I  wn-sfrorn  oters  contain  fragments  resulting  from  l«»v,  of 
the  alcohol  moiety.  ROH.  This  presumably  occur-  by  a 
tw»>->u-p  process  involving  loss  of  KO  which  then  abstracts 
a  proton  from  the  ketene  product  before  the  transient  lon- 
molecule  complex  dissociates.  Production  of  HO  i0n.-  is  aHo 
oiiserved. 
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Fragment  ions  observed  in  the  CAD  spectrum  of  the  M  - 
I'  ion  from  glucose  can  be  adequately  explained  by  a  mech¬ 
anism  which  involves  a  combination  of  carbonyl  group  isom¬ 
erization.  dehydration,  and  retro-aldol  condensation  steps. 
Jntorcom-ersion  of  enolate  and  aikoxy  anions  can  facilitate 
isomerization  of  the  carbonyl  group  as  shown  below. 
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A  retro-aldol  reaction  involving  the  enolate  anion  of  the  re¬ 
sulting  2-kelohexose  can  then  afford  the  most  abundant  ion 
(m I z  $9)  in  the  CAD  spectrum.  A  second  carbonyl  isomer¬ 
ization  followed  by  a  retro  Michael  addition  can  produce  OH 
which  in  turn  can  abstract  a  proton  from  the  other  product 
(an  enoj^ofan  a-dicarbonvl  compound)  and  generate  the  ion 
at  m/s  1 1.  Isomerization  of  the  glucose  M  -  r  ion  to  struc¬ 
tures  corresponding  to  the  enolate  anions  of  a  3-ketohexose 
followed  by  retro-aldol  condensation  and  dehvdration  steps 
can  afford  the  ions  at  m/s  U9.  119.  131.  and  101. 

The  negative  ion  CAD  spectrum  of  glucose  reported  here 
is  ver>-  similar  to  that  obtained  recently  by  Cooks  vt  al.  ‘  16) 
under  conditions  where  the  translational  energy  of  the  ion  is 
7  keV.  At  energies  near  10  keV,  the  interaction  time  of  the 
ion  and  a  collision  gas  molecule  (10  lS-1016  s)  is  dose  to  the 
time  scale  for  electronic  transitions.  Accordingly  the  con¬ 
version  of  translational  energy  to  vibrational  energy  in  the 
CAD  process  is  thought  to  involve  an  initial  vertical  electronic 
excitation  followed  by  relaxation  and  distribution  of  the  excess 
energy  into  vibrational  modes  leading  to  fragmentation  (IT). 

In  contrasty  the  translational  energy*  of  the  ion  undergoing 
tn  TSQ  is  only  5-15  e\ .  Under  these  conditions  the 
interaction  time  of  the  ion  and  collision  gas  molecule 
(10  -10  14  s)  is  the  same  as  the  time  scale  for  molecular 
vibrations.  Accordingly,  the  CAD  process  can  occur  by  direct  ' 
conversion  of  translational  energy  to  vibrational  energy  (9, 

Consistent  with  the  above  interpretation  is  the  finding  that 
negative  ions  can  he  stripped  of  two  electrons  and  converted 
to  positive  ions  when  impacting  ions  of  high  translational 
energy  f3-10  keV)  are  employed  and  the  electronic  excitation 
mechanism  is  operative  (16).  Thus  it  is  understandable  that 
we  fail  to  observe  multiple  electron  transfer  processes  in  our 
TSQ  instrument. 

Priority  Pollutant  Analysis.  In  an  effort  to  evaluate  the 
potential  of  the  TSQ  mass  spectrometer  for  the  analysis  of 
complex  mixtures  without  prior  extraction  or  ehromaujgraphic 
separation  of  the  components,  we  have  applied  the  CAt> 
techniques  to  the  detection  of  several  priority  pollutants  in 
industrial  sludge,  p- N’i trophenol  (U),  2,4-dinitrophenol  (13). 
and  dioctyl  phthalate  (IT)  were  spiked  into  a  sample  sludge 
(5%  solids  in  water)  at  the  100-ppb  level.  After  the  sample 
had  been  freeze  dried.  5  rug  of  iJie  solid  residue  containing 
~  10  ng  of  each  compound  was  inserted  directly  into  the  Cl 
ion  source  on  a  solids  probe.  Analysis  of  the  phenols  was  j 
carried  out  under  negative  ion  Cl  conditions  using  OH  as  the  ] 
reactant  ion.  Spectra  of  both  13  and  14  in  pure  form  contain  i 
a  single  ion  corresponding  to  M  -  V  in  this  mode  of  operation.  ‘ 
Am  indicated  in  Table  I,  the  CAD  of  the  M  -  V  ion  from  14 
generates  fragment*  which  have  lost  the  element#  of  NO  and 
NO*,  respectively. 


The  CAD  >{H*ctn:n  of  the  '3.4-ilimtropiu-nul  ( 1  M  l  ion 
show*  the  same  two  fragments  plus  several  others.  PLau>ih!t* 
structure*  and  reaction  pathways  tor  the  formation  <»t  these 
ions  are  shown  below. 
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To  detect  the  two  phenols  in  the  sludge  sample.  Q >  was 
scanned  continuously  while  ions  in  a  mass  window  containing 
m; z  1S3  or  136  were  allowed  to  pass  through  Q;  and  suffer 
CAD  with  nitrogen  jn  q:  Owing  to  the  complexity  of  the 
matrix,  ions  at  the  above  m/s  values  were  produced  at  nearly 
all  solids  probe  temperatures.  CAD  fragment  ions  from  the 
2.4-dinitrophenol  M  -  T  ion  only  appeared,  however,  in  5  of 
the  50^  scans  recorded.  A  similar  result  wa>  obtained  for  the 
p-nitr^phenol.  Sample  identification  was  made  by  comparing 
these  five  spectra  w  ith  that  of  the  pure  standard.  No  nitro- 
phenols  were  detected  in  the  unspiked  sludge.  After  repeating 
the  above  experiment  several  times,  we  conclude  that  the 
detection  limit  for  the  two  phenols  in  sludge  using  the  in¬ 
strumentation  in  its  present  configuration  is  ~10  ppb.  Sig¬ 
nificant  improvement  in  sensitivity  could  undoubtedly  be 
achieved  by  employing  SIM  techniques  in  Q3  but  this  was  not 
done  in  the  present  study. 

Analysis  of  dioctvl  phthalate  (17)  in  sludge  was  accom¬ 
plished  under  positive  ion  Cl  conditions  using  isobutane  as 
the  Cl  reagent.  In  the  absence  of  collision  gas.  the  dominant 
ion  in  the  positive  ion  spectrum  of  17  corresponds  to  M  +  l*. 
CAD  of  this  ion  generates  a  spectrum  in  which  mjz  149  and 
167  occur  in  the  ratio  of  10/1.  Together  these  two  ions  carry’ 
more  than  90%  of  the  sample  ion  current.  The  CAD  efficiency 
exceeds  75%. 
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Dioctyl  phthalate  in  sludge  was  detected  by  continuously 
recording  spectra  in  Qj  while  ions  in  a  window  containing  mjz 
391  were  mass  selected  in  Q,  and  caused  to  suffer  CAD  with 
nitrogen  in  Q2.  Several  matrix  components  gave  rise  to  ions 
at  mjz  391  in  Qt  but  failed  to  yield  the  appropriate  fragments 
at  mjz  167  and  149  in  Q3.  When  the  dioctyl  phthalate  did 
volatilize  during  the  sample  heating  regime,  the  latter  two 
fragments  appeared  in  the  expected  ratio,  thus  facilitating 
identification  of  17.  Unspiked  sludge  afforded  a  dioctyl 
phthalate  spectrum  containing  signals  of  about  half  the  in¬ 
tensity  of  the  spiked  sample.  Instrument  background  was 
insignificant.  Accordingly,  we  conclude  that  the  blank  and 
spiked  sludge  sample  contain  ~100  and  200  ppb  dioctyl 
phthalate,  respectively. 


due  in  GC  column  t»!e**»i  ancj  toe  p«*vitinitty  tiut  fragment  ;•  .0.1 
from  high  molecular  weuht  impurities  will  interfere  with 
accurate  measurement  "f  i<.r.  abundances  during  quantitation 
of  lower  mass  species.  The  end  result  is  increased  sensitivity 
and  improved  confidence  in  the  data  obtained  during  quan¬ 
titation  studies. 
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Results  from  the  above  preliminary  experiments  clearly 
suggest  that  the  TSQ  is  capable  of  playing  a  major  role  in  the 
detection  of  priority  pollutants  in  difficult-to-handle  samples 
such  as  industrial  sludge  and  solid  waste.  Extensive  sample 
cleanup  followed  by  lengthy  chromatography  is  now  required 
for  successful  analysis  of  these  samples.  Use  of  the  TSQ 
eliminates  both  the  cleanup  and  the  chromatography.  In 
addition,  instrument  time  is  reduced  to  about  10-15  min/ 
sample. 

In  general  the  analytical  utility  of  the  combined  TSQ  and 
CAD  method  will  be  greatest  for  those  problems  which  require 
detection  and/or  quantitation  of  specific  chemicals  in  complex 
environmental  or  biological  matrices.  Several  known  com¬ 
pounds.  perhaps  as  many  as  30  to  50,  can  be  determined  in 
a  single  sample  under  ideal  conditions  by  making  use  of  slow 
heating  regimes  and  fractional  vaporization  of  the  sample  into 
the  ion  source  along  with  computer  controlled  selected  ion 
monitoring  in  both  Q(  and  Qj.  Rapid  screening  of  a  large 
number  of  samples  for  a  few  specific  compounds  is  a  chore 
that  seems  ideally  suited  for  the  TSQ/CAD  approach.  Wet 
chemical  fractionation  followed  by  conventional  GC/MS 
computer  techniques  will  remain  the  method  of  choice  for 
identifying  all  components  in  a  particular  mixture.  Combined 
GC/TSQ/CAD  should  be  of  particular  utility  for  low  level 
Quantitation  of  hioWicab  since  the  TSO  eliminates  both  noise 


Flflur,  1.  The  Finnigan  Tuple  Stage  Quadruple  Mass  Spectrometer 


Tattle  I.  Collision  Iniluccil  Decomposition  Mass  Spectra  of  M  1  Ions  (Generated  under  Negative  Ion  Chemical  Ionization  Conditions 


